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ABSTRACT
This thesis describes the preparation and investigation 
of some Schiff*s base complexes of cobalt(II), iron(ll), 
manganese(II), and chromium, and of the products of their 
reaction with nitric oxide. The Schiff*s bases are quadri- 
dentate, e.g. NN*ethylenebis(salicylideneimine) and several 
of its ring-substituted derivatives, and bidentate N—phenyl- 
and N-methylsalicylaldimines.
The cobalt(ll) complexes of bidentate ligands are spin 
free and of quadridentate ligands are mostly spin-paired.
The exceptions with quadridentate ligands show magnetic be­
haviour compatible with spin-paired, spin-free equilibria. 
Magnetic studies of two monohydrates suggest that the water 
molecule is co-ordinated. The cobalt nitrosyls all show 
Temperature Independent Paramagnetism with fractional magnetic 
moments ( »** 0.6 B.M.).
The iron(ll) Schiff*s base complexes are all spin-free, 
as are the mononitrosyls at room temperature. Nitrosyl 
NN1ethylenebis(salicylideneiminato) iron changes sharply to 
a spin—paired state at approximately 180°K with a corresponding 
decrease in the N — 0 stretching frequency. Various reasons 
are discussed. Low temperature infra—red studies show that 
the 5-nitro substituted nitrosyl changes to give some of the
-3-
spin—paired species at liquid air temperature* The other 
nitrosyls studied all obeyed the Curie-Weiss law. These 
compounds probably constitute the most stable series of spin- 
free iron nitrosyls so far discovered. No correlation has been 
found between the substituent and the N - 0 stretching fre­
quency.
NN*ethylenebis(salicylideneiminato) manganese(II) has 
been prepared pure for the first time, and a discontinuity 
in the temperature versus 1/ plot has not been confirmed.
The reaction with nitric oxide gives an oxidised product,
NN1ethylenebis(salicylideneiminato) manganese(ill) acetate, 
which is spin-free and obeys the Curie-Weiss law. Some pre­
liminary investigations of the corresponding chromium(ll) 
system have been carried out.
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S E C T I O N  I
INTRODUCTION
1* HISTORICAL INTRODUCTION
The compounds discussed are some Schiff*s base complexes 
of several members of the first transition series. The 
Schiff*s bases, which have been derived from -alicylaldehyde 
or substituted salicylaldehydes and various amines, are able to 
act as bidentate or quadridentate ligands (Fig.l (a) and (b)).
(i) Cobalt(ll) Complexes
Pfeiffer [l] showed that the cobalt(ll) complex of 
NN*ethylenebis(salicylideneimine), (henceforth called salen), 
changed from red to black in the presence of air. Tsumaki [2] 
found the original colour could be restored by heating the black 
powder in a stream of carbon dioxide and attributed the change 
to reversible oxygenation. Calvin et al. [3,4] discovered that 
this and related compounds absorbed one mole of oxygen per two 
moles of complex to give a diamagnetic product. The compounds 
had one unpaired electron and obeyed the Curie-Weiss law except 
for inactive salen cobalt(ll) and its pyridinate which both had 
inflections and 3-ethoxysalen cobalt(ll) monohydrate which had 
a plateau in the reciprocal of molar susceptibility 
versus absolute temperature curve [3]* The deviations were 
attributed to a loss of crystal symmetry. Later work [5] 
showed that the curves for both inactive salen eobalt(ll) and 
its pyridinate levelled out to give plateaux. Salen cobalt(ll) 
was shown to be planar, the molecules being arranged in layers
which on oxygenation could he distorted sufficiently to accommo­
date the oxygen molecule and form a *peroxidef bridge between 
two cobalt atoms [6,7]*
Diehl [8] considered that salen cobalt(ll) was binuclear, 
with a bridging water molecule which was necessary for the 
compound to absorb oxygen. However, in reporting the infra-red 
spectra of this and similar compounds, Ueno and Martell [9] made 
no mention of any water absorptions. Recently, Hewlett and 
Larkworthy [10] have shown that water was not essential for 
the chelate to absorb oxygen.
With bidentate Schifffs bases, the central metal atom
was shown to be either planar or tetrahedrally co-ordinated.
Nishikawa and Yamada [11] prepared a number of N-alkyl and
N-arylsalicylaldimine chelates of cobalt(ll) and have postulated
that an absorption at 12COmp, which was present in salen type 
u»<vs
compounds, t©=%*e representative of a planar configuration. In 
general, the complexes were found to be tetrahedral, including 
the N-phenyl compound, thus agreeing with the magnetic data 
[12,13] which showed the moments to fall in the tetrahedral 
range (4.2 to 4.5 B.M.). This tetrahedral structure for 
bis(N-phenylsalicylaldiminato) cobalt(ll) was confirmed by 
x-ray investigations [12], and shown to persist in benzene solu­
tion. Cobalt(ii) was reluctant to co-ordinate with N-phenyl— 
salicylaldimine when the pb®nyl group was substituted in the
-11-
ortho position[l4]. This was in contrast to the analogous 
planar copper(ll) complexes, the difference probably being due 
to the two ions adopting different stereochemical arrangements. 
Bis(N-methylsalicylaldiminato) cobalt(II), which was thought 
to be tetrahedral, has been shown, along with the isomorphous 
zinc(ll) and manganese(II) compounds, to have a binuclear 
distorted trigonal bipyramidal structure (Fig.2) [15]*
(ii) Iron(ll) Complexes
Very little work has been carried out on iron (ii) che- 
lates of Schiff’s bases mainly because of their susceptibility 
to aerial oxidation. Pfeiffer [l], although he did not pre­
pare any iron(ll) compounds, suggested that salen iron(ll) 
could be obtained by reacting the metal acetate with salicyl- 
aldehyde and ethylenediamine in pyridine. Bailes and Calvin [3] 
prepared salen iron(ll) containing half a molecule of ethylene­
diamine of crystallisation and showed it to be spin-free with a 
magnetic moment of 3.05 B.M. which was considered to be slightly 
high, due to some aerial oxidation. Iron(ll) complexes of 
bis(salicylaldehyde)(2,2 *-dialkylpropylenediamine) [16] and 
Schiff*s bases derived from salicylaldehyde with 5*-halo, and 
3,5-dihalo-2-aminopyridine [17] have been reported. Lions and 
Martin [18] have prepared the diamagnetic iron(ll) chelate of the 
hexadentate Schiff!s base obtained from salicylaldehyde and-
-12-
1 , 2—bis (o.— amino phenyl amino ) ethane (Fig, lc ) ,
Pfeiffer [l], by reacting ferrous sulphate with sali­
cylaldehyde and ethylenediamine in air, obtained the compound 
salen iron(ill) oxide which was presumably oxide-bridged. By 
reacting the d-a-bromocamphor sulphonate with ammonium chloride, 
salen iron(ill) chloride was obtained, and by using organic 
acids [1,19], a large number of organic salts were obtained, 
e.g. salen iron(lll) benzoate. By using substituted salens, 
the corresponding substituted compounds were obtained [20],
The magnetic properties of the above compounds [2l] 
showed their magnetic moments to be less than that expected for 
five unpaired electrons, decreasing at lower temperatures to 
values less than that expected for one unpaired electron. The 
moments for the oxide were less than the chloride, and later 
work [5] has shown that for the oxide, the magnetic moment fell 
from 2.0 B.M. at 324°K to 0.7 B.M. at 82°K, the lowering of the 
moment being due to antiferromagnetic or superexchange inter­
action s.
Cslaszar and Csonti [22]found that the metal chelates of 
salen, including iron(ill), were stable to alkali but decom­
posed in acid stronger than 0.1M, whereas the iron(lll) chelate 
derived from salicylaldehyde and (3-naphthylamine decomposed, 
in both acid and alkali. The visible and ultra-violet spectra
-13-
of the latter complex [23] showed that the ligand bands became 
more diffuse in ethyl alcohol whereas in acid or alkali the 
spectra of the complex and the ligand were the same.
The crystal structure [24] of salen(lll) iron chloride 
showed the salen iron(ill) part to be planar with the molecules 
forming layers and the chloride ions lying in the same plane as 
the complex.
(iii) Manganese(II) Complexes
Pfeiffer [l] prepared salen manganese(II) containing one 
molecule of ethylenediamine of crystallisation,
Cl6H14N2°2 ^II)*C2H8N2 ’ w’tl^ ch in chloroform was oxidised by
air to give a product with the formula N20 f^n (III) OH.
Asmussen and Soling [25] prepared salen manganese(II) from mang- 
anous chloride and salen in ethanol under nitrogen, and showed it 
to have a magnetic moment of 5»29 B.M. at room temperature. The 
curve of the reciprocal of the molar susceptibility against the 
absolute temperature showed a region of inflection at 110°K and 
gave a large Weiss constant ( 0  = 75°K). The inflection was 
attributed to a phase change within the crystal, which increased 
the fexchange* forces and consequently lowered the susceptibility.
No complex of salen with chromium(ll) has been reported 
although it is known to complex with titanium(lV) [26] and 
vanadium(lV) [27]. ~
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2* NITRIC OXIDE COMPLEXES OF TRANSITION METALS
(i) General Properties of Nitric Oxide
Nitric oxide is a colourless, paramagnetic gas [28,29]
and is unusual since at normal temperatures it behaves as a
stable free radical. This stability may be due to resonance
between the following structures [30],
© xx © © xx© xx
: IT • Of : N =  0 f— : N =  0
# xx •• x • xx
The molecular orbital configuration for nitric oxide is
^lsV (^is^ ^2s^ ^2s^ ^ p x ^  ^2py = ^ p z ^ ^ p y  = ^pz^ 
which gives a bond order just under three, i.e. one <3^  and two w
bonds minus the antibonding effect of the single electron in the
7r2-g orbital, agreeing with the determined N - 0 bond length of 
1.15A.
Nitric oxide has a low ionisation potential (9*5eV) [31]
• ‘X*since the electron is easily lost from the antibonding TTg level
to give the nitrosonium ion (N0+ ), The resulting increase in
the N - 0 bond order is apparent from infra-red studies where
the N - 0 stretching frequency increases from 1876 cm  ^ in
—1
nitric oxide [32] to 2275 cm in the nitrosonium ion, [33,34]
as in N0+C10,
4
Although the electron affinity is not known, nitric
*
oxide can gain an electron to give the NO. ion, and the com­
pounds Na+N0 , K+N0 , and Ba^+(N0 have been reported [35,36],
-17-
The x-ray pattern of NaNO is different from that of sodium 
trans hyponitrite hut it may be sodium cis hyponitrite [36].
(ii) Nitric Oxide Complexes
The co-ordinated nitric oxide group in metal complexes 
may formally be considered as anionic (NO ), neutral (NO), or 
cationic (N0+). The N - 0 stretching frequency is lowered 
on co-ordination and it was postulated [37] that the anionic 
stretching frequency fell in the range 1200 — 1040 cm  ^ whereas 
the cationic stretching frequency fell in the range 1940 —
1573 cm Neutral nitric oxide was thought to be the entity
co-ordinated in the mononitrosyl derivative of haemoglobin 
[38,39] but no infra-red evidence was given.. Electron spin 
resonance studies showed the odd electron to be localised on
•f1
the nitric oxide. The ranges postulated for co-ordinated NO
and NO have been criticised [40] and G-ans [4l] considered the
-1 - -1
frequencies 1500 - 1700 cm for NO , and 1700 - 1940 cm for
N0+ , were more realistic. Cases near the borderline have to be
considered on their own merits. The pentacyanonitrosyls,
[M( CN)j-N0] ?( M = Cr, Mn and Co ) , which all gave N - 0 stretch­
ing frequencies in the range originally thought to indicate 
+
NO , have been assumed recently to contain the M(lll) ion and 
N0~ [42].
The infra-red spectrum of (Cr-Hc ) ,Mnn (NO) T showed two3 3 5 2 ^
-18-
absorptions at 1732 cm ^ and 1510 cm  ^which were assigned to 
co-ordinated N0+ and a bridging nitric oxide group respectively 
[43]• difference in frequency is similar to that observed
between bridging (1818 cm ^ ) and non-bridging (2034 cm ^ ) car­
bonyl groups in iron enneacarbonyl [44]. From infra-red 
studies, the compounds [ (C^Hp.) Cr ( N O ]2 an<^  [(C^H^)Mn(CO) (N0)]g 
were thought to contain bridging nitric oxide groups [45].
Bonding of nitric oxide as NO has been suggested for the
2+ 3—compounds [Co(NH^)^N0] and [Co(CN)^N0] which were diamagnet­
ic and thought to contain cobalt(lll) and NO [46,47]. However, 
the diamagnetism could arise from low spin cobalt(l) and N0+
[48]. Visible and ultra-violet spectra indicated that the 
nitric oxide may be bonded through the oxjrgen atom in
[C o ( N H ^ ) ^ N 0 ] a s  in the nitrito complex [Co(NH^ ) ^ 0 N 0 ] . The
compound [Co(ill)(8-aminoquinolineJgNOjXg (X = N0^~or Cl ) was
reported as having a magnetic moment corresponding to two un-
-1
paired electrons and a N - 0 stretching frequency at 1170 cm
[49]. Cryoscopic data suggested the cation was monomeric, and 
the compound was assumed to be five co-ordinate containing 
cobalt(ill) and N0~.
The N - 0 stretching frequency generally falls in the 
range predicted for co-ordinated NO* [37], and apart from the 
exception above, the bonding was always thought to occur through 
the nitrogen atom, with the metal, nitrogen and oxygen atoms
collinear. However, a detailed X-ray examination [50] showed j
nitrosyl his(dimethyldithiocarbamato) cobalt to have a square |
|
pyramidal structure, in which the N - 0 bond axis is inclined at j 
an angle of 139° to the pyramidal axis. The nitric oxide 
formed an unsymmetrical ir complex using the same type of bonding 
as in olefin—transition metal complexes [5l]* Various molecular 
orbital schemes have been proposed for mononitrosyls of this
type [52,53,54]'*
It was also suggested [53] that the N — 0 stretch­
ing frequency occurs at a lower frequency (ru1650 cm ^ ) for a 
bent M — N - 0 bond than for a linear bond (~/1900 cm ^ )•
Bernal and Hockings [55] considered that metal nitrosyl complexes
were molecular species with electrons delocalised to different j
|■
extents rather than complexes containing charged ligands.
(iii) Cobalt and Iron Nitrosyls !
The unstable iron tetranitrosyl Fe(NO)^ was prepared [56] I
by the action of nitric oxide on iron pentacarbonyl under 
pressure. Its infra-red spectrum [57] showed two frequencies 
in the NO* region, and one near 1150 cm  ^ which was assigned 
to NO . The structure was suggested as being tetrahedral with
-I*
three nitric oxide groups donating as NO and one as NO , 
analogous to the compound Fe(N0)^Cl. This compound falls into 
the general series Fe(N0)^X (X = Cl, Br or I) which were shown 
to be monomeric and diamagnetic, with dipole moments of 3*5R and
-20- |
I
|
j
3.7D for the iodide and bromide respectively [58]* The com­
pounds 'were unstable and lost nitric oxide easily to give the
dinitrosyls* Iron dinitrosyls have been isolated for X = SK,
Cl, I, SEt, SPh, SeEt [59] and the cobalt compounds Co(N0)2X 
(X = Cl, Br or I) are known. Both the iron and cobalt compounds : 
were diamagnetic with low dipole moments [60], and infra-red 
studies in carbon tetrachloride [6l] gave bond orders between 
1.78 and 1.98 for the N - 0 bond. A dimeric structure with 
bridging X atoms [62] was postulated, the diamagnetism of the 
iron compounds being due to a metal to metal bond. X-ray
studies [63] agreed with this structure.
The earliest nitrosyls known were those obtained from the j
|
direct reaction of ferrous salts and nitric oxide [64,65,66,67]. !
Electrolysis [68] showed that the nitric oxide was bound in a |
cationic complex, and that slightly acidic solutions could be I
decomposed with regeneration of the ferrous salt [69]. Solu- j
tions of Fe(N0)Cl9 in concentrated hydrochloric acid, ethanol, |
i
and ethyl acetate gave absorption maxima at 450 and 1550 mp. [68]. 
The ions present in water, ammonia and ethanol were j
[Fe(H20)5N0]2+, [Fe(NH^)5N0]2+ and [Fe(CgH^OlONO]3+ respectively j
[57]. The iron was spin-free with magnetic moments in solution | 
corresponding to three unpaired electrons for the first two com- j 
pounds and four unpaired electrons for the last. Infra-red 
studies showed the N - 0 stretching frequency occurred in the~
-21-
region expected for NO* [37], and therefore the oxidation states
of the iron were assigned as +1 in water and ammonia, and +2
in alcohol [57]* 1
A study of the pentacyanonitrosyl complexes showed the 
3—[Fe(CN)^NO] ion to have a magnetic moment corresponding to 
slightly less than that expected for one unpaired electron [70], 
which electron spin resonance studies showed to be localised 
between the iron and the nitric oxide [53]• The diamagnetic 
ions [Fe(CN)^N0]2~ and [Mn(CN)5NO]^~ [47,71] were thought to 
contain NO* with iron(ll) and manganese(l) respectively.
Electron spin resonance suggested the presence of some metal to 
nitrogen 7r bonding [72]. Assuming this, and that the nitric 
oxide was bonded as NO*, Israeli [73] interpreted the visible
Omm
and ultra-violet spectra of [M(CN)^NO] ~ (M = Fe or Mn) and 
3—[M(CN)j-NO] (M = Mn or Cr) using molecular orbital theory.
The isonitrile complexes Fe(NO)2(CNR)2 and Co(N0)(CNR)^ were 
prepared [74] by the nitrosation with hydroxylamine of 
Fe(CNR)^X2 and Co(CNR)^X respectively (R = aryl). The compounds 
were stable, diamagnetic, and soluble in benzene and other 
organic solvents [75]-
Cambi and co-workers [76] prepared the nitrosyls of the 
iron(ll) dithioearbamates, [R2NCS]2Fe.NO, where R was alkyl or 
aryl. The compounds were fairly stable in the pure state 
with magnetic moments [77] corresponding to one unpaired electron
and were soluble in chloroform and carbon disulphide. The j
j
structure of the corresponding cobalt compound [MegNCSg]gCo#NO
j
has been given previously [50](p.l9). Infra-red studies onthe di-;
j
nitrosyls(E-^KCS2)2(N0)2Fe and (EtgNCSg)g(NO)gCr [78] showed that j
each compound gave two bands in the region expected for NO , j
I
and it was concluded that the two nitric oxide groups were cis |
j
!
to each other. The visible and ultra-violet spectra of these
|
compounds could not be correlated with Gray!s molecular orbital 
diagram [52] owing to the small number of electronic bands ob­
served.
Nast and Ruckemann [79] found that bis(salicylaldehato) 
iron(ll) bipyridine absorbed one mole of nitric oxide per mole 
of iron at -78°C to give a dark brown mononitrosyl 
Fe(C^H^Og )g(NO) (C,-H,-N). Infra-red studies showed the nitric
oxide to be bonded as N0+ , and the unstable compound obeyed 
the Curie-Weiss law (© = 8°K) with a magnetic moment corres­
ponding to three unpaired electrons (4*05 B.M.). Later workers 
[80] showed that iron(ll) (3-phthalocyanine absorbed nitric oxide 
in the molar ratio 1 : 1, the nitric oxide again being bonded 
as N0+, The room temperature magnetic moments of iron(ll) 
P-phthalocyanine and the mononitrosyl were 3*9 and 2.7 B.M. 
respectively. When the nitric oxide was liberated with acid, 
the original compound was obtained.
The reaction of nitric oxide with bis(acetylacetonato)
iron(ll) in toluene [8l] showed initially a 1 : 1 molar uptake 
followed by a rapid oxidation to'give the iron(ill) acetylace- 
tonate, acetate ions, carbon dioxide and water. The nitric 
oxide was reduced to nitrogen with small amounts of two in— 
TOlatile nitrogen—containing products. The iron(lll) acetyl— 
acetonate complex was slowly oxidised further by nitric oxide 
as shown by the formation of biacetyl.
Feltham [82] studied the red and black isomers of cobalt 
nitrosopentammine by conductimetric and polarographic methods, 
and concluded that the former was dimeric and the latter mono­
meric. The structure of the black isomer was confirmed by 
X-ray crystallography [83,84] which showed the cobalt, nitrogen 
and oxygen atoms to be collinear, but with longer than usual 
interatomic distances within the nitric oxide group and the 
cobalt—ammine bond trans to it.
Rallo and Silvestroni [85] found that nitric oxide 
reacted rapidly and irreversibly with salen cobalt(II), the 
reaction being first order with respect to nitric oxide,
Hewlett [86] isolated a series of mononitrosyls of salen cob­
alt (II) and substituted salen cobalt complexes and found the 
compounds, when dry, to be stable to air. The N - 0 stretching 
frequency occurred in the range expected for co-ordinated N0+, 
and jzfr increasedapproximately linearly with the electron- 
withdrawing power of the substituents as expressed by their
Hammett ^  constants. The compounds were non—conducting in 
nitrobenzene and, where molecular weight determinations were 
possible, were monomeric. The compounds all had fractional 
magnetic moments, and exhibited temperature independent para­
magnetism. From the infra-red spectra which suggested the
4.
presence of NO , the compounds were considered as being com­
plexes of cobalt(l). Electronic transitions involving the
metal were masked by intense ligand absorption, but a peak at
Idapproximately 300 m(i was assigned to the e(ir ) e (# ) 
transition in Gray’s molecular orbital diagram [52]. The 
resemblance of these spectra to those of nitrosyl bis(dimethyl— 
dithiocarbamato) cobalt and the similar magnetic properties 
were taken as indicating that nitrosyl salen cobalt and the re­
lated compounds were probably square pyramidal with the same 
type of metal to nitric oxide bond as was found in the dithio­
carbamato compound [50], (p.19). The decomposition of
nitrosyl salen cobalt, studied thermogravimetrically, showed 
that nitric oxide was lost in the region 210—300°C, but the 
exact position was masked by the decomposition of the ligand 
at 250°C. The series was one of the first ’inorganic1 series 
in which substituent effects had been studied. Salen iron(ll)
reacted with nitric oxide to give a mononitrosyl with a N — 0
—1stretching frequency at 1712 cm f86].
r-25-
(^v ) Manganese and Chromium Nitrosyls
The pentacyanonitrosyl [Mn(CW)^NO]^' , prepared from
i
manganous chloride or acetate, potassium cyanide and nitric 
oxide [87], was only stable in a closed container in the absence 
of light [88], but could be oxidised to the moderately stable
o
[Mn(CN)j-NO] ion with 6N nitric acid in aqueous solution [89]*
2 _
The silver and potassium salts of [Mn(CN)^NO] were magnetically 
anomalous [89] with fractional magnetic moments, whereas the 
zinc salt had a moment of 1,86 B.M, In acetone, the potassium 
salt had a moment of I.76 B.M. The N - 0 stretching frequency 
was at 1900 cm  ^ and 1885 cm ^ for the zinc and potassium salts
2 _ _j. 2+
respectively. [Mn(CN)^NO] gave precipitates with Hg / Cu ,
2+ 2+ 2+Fe . Ni and Co but the nature of these compounds was not
investigated, G-riffith [90] showed the potassium salt of the
anion [Cr(CN)^N0]^~ to have a N - 0 stretching frequency at 
—11515 cm and a low magnetic susceptibility which was attributed 
to temperature independent paramagnetism. However, the com­
pound [Cr(CN)^NO] obeyed the Curie-Weiss law (0 = 7°K) with a 
magnetic moment corresponding to one unpaired electron 
(^eff= 1.87 B.M.).
The cyclopentadienyl complex, ( ) Cr(NO^Cl [^3] was 
diamagnetic with N — 0 stretching frequencies in chloroform at 
1823 and 1715 cm The thiocyanate ( ) Cr^COgSCN had
rr 2 6-™
N - C stretching frequencies in chloroform at 1827 and 1732 cm"1. 
Both compounds were unreactive to water. The diamagnetic 
cation [ ( )Mn(CO)2N0]+ has been isolated as the chloro- 
platinate from the reaction of nitrous acid with ( Cj-H,-)Mn(CO)^ 
in ethanol [9l]*
Preliminary work [86] showed that when manganous acetate 
and salen were mixed under nitric oxide 0„70 moles of gas were 
absorbed per mole of complex, whereas when nitric oxide was 
reacted directly with salen manganese(il), 1.8 moles of gas 
were absorbed. The nature of the products was not determined.
Nitrosyl compounds have been reported for vanadium [92] 
and for many second and third row transition elements, parti­
cularly ruthenium.
2. THEORY OF MAG-NETISM
Only a brief account of magnetism is given here. Further
details are given in other references [93,94-] •
V  , the gram susceptibility is given by 6
X  - TAg d
where = volume susceptibility
d , ss density.
The molar susceptibility is defined as
X M = MxX g
where M = molecular weight of the material.
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Atomic and ionic susceptibilities can be similarly de­
fined.
The experimentally determined paramagnetic susceptibility 
of any material is the resultant of two terms.
Xm = X m +X  l
wherey\ ^  is the paramagnetic susceptibility of the material 
after being corrected for the diamagnetism of the ligands as 
given byX^* This correction is usually made using Pascal *s 
constants which give each atom a fixed d i a m a g n e t i s m > all 
deviations such as double bonds or aromatic rings being 
allowed for by "constitutive corrections", A..
-Al = Z A  + x ‘n
For any paramagnetic compound, the molecular magnets 
resulting from the presence of unpaired electrons tend to align 
themselves with an applied magnetic field whilst the thermal 
energy (kT) opposes this alignment. As the temperature de­
creases, the thermal energy decreases and the susceptibility 
increases* It can be deduced that if each molecular magnet
behaves independently of all others, i.e. the substance is
2 2-vjr | N 11
magnetically dilute, the expression ^ = ""3%^ should be
obeyed where |i is the magnetic moment. This corresponds to 
the experimentally discovered Curie law j3£.m = t * However, 
few paramagnetic substances obey the Curie law exactly, and a~
- 2 8 -
more general equation is the Curie-Weiss lawX.J^ = where
© is a measure of the departure from ideal behaviour* The
V
magnetic moment, however, is usually calculated on the basis
i
of the Curie law. It is then termed the "effective magnetic 
moment". Substituting values for the constants N and H leads 
to the equation
*Vf = 2*82JXjt
^eff ^eing measured in terms of the Bohr Magneton (B.M.).
First transition series elements are expected to have 
magnetic moments obeying the expression :-
(a = J4 S(S+1) + L(L+1) B.M. 
where S and L are the spin and orbital moments respectively in 
units of h/27r. However, the orbital momentum is often quenched 
since the electrostatic fields of the ligands remove the degen­
eracy of the 3d orbitals. Then the above formula# reduces to 
the "spin-only" formula
n = Ih- s(s+l) B.M.
IV
If n is the number of unpaired electrons, then S = n/2
ji = Jn(n+2) B,M. 
giving the values = 1.73, 2.83, 3.88, 4.90 and 5*92 B.M.
for n = 1, 2, 3, 4, and 5 respectively. When the orbital
momentum is incompletely quenched, moments in excess of the above
values are obtained and are said to include an "orbital
- 2 9 -
contribution".
Temperature Independent Paramagnetism
V
0^  may contain a temperature independent paramagnetic 
contribution, A magnetic field can be considered to distort 
the electron distribution of an ion on which it acts such that 
the description of the ground state is changed to a very small 
extent. This new description is achieved by 'imixing in * a 
small amount of some higher state into the ground state. The 
level which is 'mixed in* usually lies much more than kT above 
the ground level so that thermal population cannot occur and 
the contribution made to the susceptibility is independent of 
temperature, hence the term temperature independent paramag­
netism (T.I.P. ),
For T.I.P.
“off =
reduces to
since^ * is a constantM
The above formula only applies in the absence of normal 
paramagnetism, since the effect due to unpaired electrons will 
swamp the temperature independent contribution. Examples where
T.I.P. alone contributes to the moment are KMnO^(d°),
-6 6 70 x 10 e.g. s.u. and a number of cobalt ammines (d )
60 - 120 x 10~^ c.g.s.u. [99].
4. OBJECT OF THE WORK
The objects of the work were :
\.
(1) To re-investigate certain of the salen cobalt(ll) com­
pounds which had been reported to have unusual magnetic 
properties, and to investigate magnetically new compounds of this 
type prepared during a previous study of their reaction with 
nitric oxide [86],
(2) To investigate the magnetic properties of some of the
corresponding iron(ll) compounds in which the iron atom would
presumably be in a forced planar environment.
(3) To characterise fully the product of the reaction between
nitric oxide and salen iron(ll); then to prepare the corres­
ponding compounds of substituted salens and to study the effects 
of substituents, if any, on the magnetic properties and nitric
oxide stretching frequencies in particular.
(4) To make preliminary investigations of (a) the corres­
ponding manganese(ll) and chromium(ll) systems,and (b) the 
cobalt and iron systems with bidentate ligands.
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S E C T I O N  II
EXPERIMENTAL
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1. PREPARATION OF LI&ANDS
|
The aldehydes were obtained commercially unless otherwise j 
stated, the preparative methods of Diehl [95] being generally 
successful.
(i) NN'Ethylenebisf salic.ylideneimine ) [Salen]
An ethanolic solution of ethylenediamine (6.Og* «
0.1 mole) was added to a boiling ethanolic solution of sali- 
cylaldehyde (24.5g* ~ 0.2 moles). Yellow crystals were 
precipitated, which were filtered off and recrystallised from 
96%> ethanol. The product was dried in air at 110°C, m.p. = 123°.\
(ii) NN1 Ethylenebis(5-methylsalicylideneimine ) [5-methyl salen]
5-Methylsalicylaldehyde was prepared from £-cresol by 
Liggett and Diehl's modification [96] of the Duff reaction [97]*
The aldehyde was condensed with ethylenediamine as in (i), the
|
product being recrystallised from 96% ethanol and dried in air at ! 
110°—120°C, m.p. = 164°.
4
(iii) NN'Ethylenebis(5-chlorosalicylideneimine) [5-chlorosalen] j
The product was prepared, recrystallised and dried as 
above to give yellow crystals, m.p. 174-175°* j
(iv) NN'EthvlenebisC5-nitrosalicylideneimine) [5-nitrosalen]
The aldehyde and amine were condensed as before to give 
a yellow powder which was filtered off, recrystallised from 
dimathylformamide, washed with 96%> ethanol and dried in air 1
-33-
at 110—120°C, m.p. = 275-277° (&).
(v) NNfEthylenebis(3-nitrosalicylideneimine) [3-&itrosalen]
v
Salicylaldehyde was nitrated [8] to give pale yellow 
crystals of 3—nitrosalicylaldehyde which were condensed with 
ethylenediamine as in (i) to give an orange powder. The product 
was recrystallised from dimethylformamide, washed with 96% 
ethanol, and dried in air at 110-120°C, m.p. = 246-247° (&)•
(vi) NN'Ethylenebisf3-methoxysalicylideneimine) [3-methoxysalen]
The preparation was performed as in (i) using commercial 
^-vanillin. The product was recrystallised from dimethyl- 
formamide as a yellow powder, which was dried in air at 110-120°C 
m.p, l6l°.
(vii) NN'EthylenebisfA—chlorosalicylideneimine) [4-chlorosalen]
4-Chlorosalicylaldehyde was prepared from m-chlorophenol 
by the Reimer—Tiemann reaction [98]. The aldehyde was con­
densed with ethylenediamine as in (i) to give a yellow powder, 
which was recrystallised from 96$ ethanol, and dried in air 
at 110—120°C. m.p. 148.5°.
(viii) NNfEthylenebis(3 * 5-dinitrosalicylideneimine)
[3,5-d.initro salen]
3,5-Dinitrosalicylaldehyde was obtained by the nitration 
of 5-nitrosalicylaldehyde as pale yellow crystals, which were 
recrystallised from benzene. The aldehyde and ethylenediamine
-34- j
i
were condensed as in (i) to give the Schiff*s base as a deep j
yellow powder, which was recrystallised from dimethylformamide, j
o o v
and dried in air at 110 C. m,p. = 230 (d).
(ix) N—phenylsalicylaldimine
Aniline (9*31 g* = 0*1 mole) was condensed with sali­
cylaldehyde (12.21 g. s 0.1 mole) as above to give a yellow j
powder, which was recrystallised from $6% ethanol, and dried at 
room temperature. Care was taken not to add a large excess of !
either reactant, since the product,m.p. 50,5°* was soluble in j
|
both aniline and salicylaldehyde.
(x) N—methylsalicylaldimine
Salicylaldehyde (6l#07 g* 5  0.5 moles) was added slowly 
to a 20% aqueous solution of methylamine (62,12 mis.® 0.5 moles),and ; 
the mixture refluxed for thirty minutes. The solution was 
cooled and the product extracted with ether. The ether extract
was dried with anhydrous sodium sulphate, filtered, and the j
I
ether removed to give a yellow oil, b.p. = 229°.
2. PREPARATION OF METAL ACETATES
Cobalt(ll), iron(ll), manganese(II), and chromium(ll) 
acetates have been used rather than salts of strong acids because 
the acid then formed on reaction with the phenolic ligands 
tended to decompose the metal complexes and hydrolyse the ligand. I
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Commercial cobalt(ll) acetate tetrahydrate was recrystal­
lised from dilute acetic acid,, washed with $6fo ethanol and dried 
in air at 4-0-50°C. Commercial mangane se(II) acetate was used
as such. Iron(ll) acetate and chromium(ll) acetate were
prepared as below.
Iron(ll) acetate
An excess of iron powder was h eated in aqueous 1 : 1
acetic acid until the evolution of hydrogen ceased. The
solution was cooled, the excess iron filtered off, and the 
filtrate evaporated to dryness. Iron(ll) acetate was obtained 
as a pale green powder which was shaken with acetone so as to 
remove it from the walls of the flask, filtered, dried by con­
tinuous pumping and sealed in glass tubes under vacuum.
The whole operation was carried out under nitrogen since 
the product was extremely air sensitive, rapidly turning brown. 
Found: Fe 29*2%; C^HgO^Fe.HgO requires 28.6% Fe.
One preparation gave iron(ll) acetate tetrahydrate.
Found: Fe 22.5%; C^HgO^Fe.kHgO requires 22.7% Fe. 
Chromium(ll) acetate
An excess of chromium pellets w^ are heated in approxi­
mately 3N sulphuric acid until the evolution of nitrogen ceased. 
The excess chromium was filtered off, and a large excess of an 
aqueous solution of sodium acetate was added to the filtrate, 
iled chromiun(ll) acetate was precipitated, filtered off, washed
-36-
with water and 96% ethanol, dried, and sealed in glass tubes 
under vacuum.
Found: Cr 27*1%; C^HgC^Cr.HgO re(luires 27,6% Cr,
3• Preparation of Schifffs Base Complexes 
Cobalt(ll) compounds
(i) 5~Nitrosalen cobalt(ll)
—3A solution of cobalt acetate (1,20 g. = 4.82 x 10 moles)
in dimethylformamide was added slowly to a hot solution of
SB — 35-nitrosalen (1.73 g. — 4-80 x 10 moles) in the same solvent.
The solution was heated for twenty minutes and then allowed to 
cool. The product crystallised from solution, was filtered 
off, washed twice with deoxygenated water, once with 96% ethanol, 
and dried with continuous pumping. The product was finally 
dried by heating the deep-red crystals at 110°C for one hour 
under reduced pressure. The compound was then stored in sealed 
glass tubes under vacuum.
Found: Co 14.23%; C^gfL^N^OgCo requires 14.19% Co.
(ii) 3-Methox.ysalen cobalt(ll)
This preparation was carried out in air and gave the
monohydrate. An aqueous solution of cobalt acetate
(1.23 g = 4.93 x 10 moles) was added slowly to a hot solution
—3of 3~niethoxysalen (1.62 g. » 4*93 x 10 moles) in ~
dimethylformamideo The solution was heated for twenty 
minutes and then allowed to cool. Yellow crystals separated 
which were filtered off, washed with water and ethanol, and 
dried at room temperature.
Found: Co 14.45%; ^18^18^2^4^°# requires 14.61% Co
Dehydration at 110°C in a vacuum for two hours gave 
a dark-brown product. A loss in weight of 4*51^ occurred 
(1H20 s  4.47%).
(iii) 3.5~Dinitrosalen oobalt(ll)
The product was obtained from cobalt acetate and 3>5- 
dinitrosalen as in (i) except that it was not necessary to 
heat to 120°C to remove the last traces of water. The orang 
crystals obtained were stable in air.
Found: Co 11.37 C 38.31 H 2.87 N 16.56%
Cl6H10N6°10Co re<l'uires Co 11»T° c 38.04 H 1.99 N 16.
(iv) Bis(N-phenylsalicylaldiminato) cobalt(IT)
The Schiff*s base and cobalt acetate were reacted to­
gether as in (i) to give an orange, air-stable product.
Found: Co 13.12%; ^26^20^2^2^° re<3.u -^res 13.06% Co.
( v ) Bis ( N-meth.vl salicylaldiminato ) cobalt (II)
The preparation of the product from cobalt acetate and 
the Schiff*s base as in (i) gave a dark-green powder which was 
stable in air. -
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Pound: Co 17*99%; ^16^16^2^2^° re(2u:^ es 18*01% Co.
The compound was also prepared by a method similar to that
of Nishikawa and Yamada [ll]. A solution of salicylaldehyde
^  ■2
(2.21 g. = 18.12 x 10 moles) in methanol was added slowly
—3to a solution of cobalt acetate (2.22 g. = 8.92 x 10 moles)
in methanol containing a trace of a 37% aqueous solution of
formaldehyde. A 30/6 aqueous solution of methylamine
— 3(2.32 mis. s 18.11 x 10 moles) was added in the same solvent.
At this stage the total volume of solvent was methanol (60 mis.)
and 37% formaldehyde solution (2 mis.). The solution was heated
at 60°C for t en minutes and then left to cool. The solution
was evaporated to half volume but no product separated. 2*.N
—3sodium carbonate (6.7 mis. H  6.69 x 10 moles) was added and 
the solution further diluted with water. A very pale green 
compound was precipitated, filtered off, washed with water and 
96% ethanol, and dried with continuous pumping. The product 
was stable in air.
Pound: Co 18.09%; C16H16N2°2 Co requires 18.01% Co.
Iron(ll) compounds
In earlier preparations ferrous sulphate was used, but, 
because of its insolubility in dimethylformamide and 96% ethanol, 
aqueous solvents had to be used which sharply decreased the 
solubility of the Schifffs base, and hence increased the chances
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of this contaminating the product. A second difficulty arose 
because the sulphuric acid formed in the reaction had to be 
removed with sodium hydroxide so as to reduce the chance of 
hydrolysis of the ligand. The amount of sodium hydroxide had 
to be accurately known, otherwise any excess caused the con­
tamination of the products with hydrated iron oxides causing 
them to be ferromagnetic. Consequently, although ferrous 
sulphate was used initially, in the later preparations ferrous 
acetate was used as the starting material. The main dis­
advantage of this salt was its sensitivity to oxidation. This 
tended to make the iron chelates more difficult to obtain pure 
than were the corresponding cobalt compounds as has been re­
flected in the analysis figures quoted.
(i) Salen iron(ll)
An aqueous solution of ferrous sulphate (3.84 g. —
_2
1.43 x 10 moles) was added slowly to a hot aqueous solution
—2of salen (4.01 g. = 1.44 x 10 moles) containing almost two
—2equivalents of 2N sodium hydroxide (13.8 mis. =5 2.77 x 10 moles) 
The reaction mixture was boiled for thirty minutes and then 
allowe.d to cool. The dark brown product was precipitated from 
the solution, filtered off, washed twice with deoxygenated 
water, once with 96$©thanol,dried under reduced pressure, and 
sealed in glass tubes. The product was fairly stable in air 
but rapidly oxidised when wet, the oxidised compound presumably
-40-
being the ’oxo-bridged * compound. j
Found: Fe 17.06 C 59.39 H 4.20 N 8.88$. I
^ 1 6 ^ 1 4 ^ 2 re^u -^res Fe 17.35 C 59.70 H 4.38 N 8.70$. |
(ii) 5-Methylsalen iron(ll)
The product was obtained as in (i) from ferrous sulphate
(l.60 g. 5 5.77 x 10~3 moles), 5-methylsalen (1.69 g.E 
■^2
5.74 x 10 moles) and 2N sodium hydroxide (5.50 mis. E
11.0 x 10~3 moles) but using 96$ ethanol as the solvent for the
Schiff*s base.
Found: Fe 15.90 C 59.99 H 5*17 N 7.53$
Cl8Hl8N202Fe re1uires Fe 15.95 C 61.73 H 5.18 N 8.00$
(iii) 5-Nitrosalen iron(ll)
The product was obtained as above from ferrous sulphate
(0.78 g. E 2.82 x 10~3 moles), 5-nitrosalen (1.00 g. E
2.81 x 10 moles) and 2N sodium hydroxide (2.5 mis. E
—35.02 x 10 moles) and using dimethylformamide as the solvent 
for the Schiff®s base.
Found: Fe 13.60 C 46.34 H 3.76 N 13.11$
Cl6H12N4°6Fe re<luires Fe 13.55 C 46.62 H 2.94 N 13.94$.
(iv) 5-Chlorosalen iron(ll)
An aqueous solution of ferrous acetate (0.91 g* 5 
—34„75 x 10 moles) was added slowly to a hot ethanolic solution
-.3
of 5-chlorosalen (l,6l g. — 4.76 x 10 moles) containing just
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less than two moles of 2N sodium hydroxide (4.5 mis. =
— 38.92 x 10 moles). The solution was digested for twenty 
minutes and then allowed to cool. The product was filtered off,v
washed and dried as above to give a moderately stable, dark- 
brown solid.
Found: Fe 14.03 C 48.26 H 3.36 N 6.67$
Cl6H12N2°2C12Fe re<luires Fe 14.28 C 49.13 H 3*09 N 7.17$.
(v) A— Cfrbrosalen iron(II)
—3Solid ferrous acetate (0.93 g. s  3.68 x 10 moles) was
_ T.
added to a solution of 4-chlorosalen (1.24 g. EE 3.69 x 10 moles) 
in dimethylformamide. The reaction mixture was digested for 
twenty minutes and then allowed to cool. The product separated 
on cooling, was filtered off, washed and dried as before to give 
a moderately stable, dark-brown solid.
Found: Fe 14*58$ re<lulres 14.28$ Fe.
(vi) 5-Nitrosalen iron(ll)
The product was obtained as in (y) from ferrous acetate 
— 3
(0.97 g. 5 5.22 x 10 moles) and 3-nitrosalen (1.87 g. 5 
—35.26 x 10 moles) in dimethylformamide.
Found: Fe 13.61$ C^gH^N^OgFe requires 13.55$ Fe.
(vii) Bis(N-phenylsalicylaldiminato)iron(II)
— 3Ferrous sulphate (1.24 g. S 4.46 x 10 moles) and
-42-
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N-phenylsalicylaldimine (1.76 g. 2 8.94 x 10 moles) were
reacted together as in (i) using dimethylformamide as the solvent,
and in the presence of 2N sodium hydroxide (4-0 mis. ss
8.00 x 10 3 moles).
Found: Fe 12.03 C 68.23 H 4.64 N 6.42$
C26^20^2^2Fe re(lulres Fe 12.46 C 69.65 H 4.50 N 6.25$.
(viii) Bis(N—methylsalicylaldiminato) iron(II)
Ferrous sulphate (1.59 g. ss 4.73 x 10~3 moles) and N—
— ■3
methylsalicylaldimine (1.54 g. S 11.38 x 10 moles) were reacted 
together as in (i) using 96$ ethanol as the solvent, and in the
presence of 2N sodium hydroxide (5*5 mis* 2 11.00 x 10 moles).
Found: Fe 16.51 C 56.01 H 5.22 N 7.15$
Cl6Hl6N2°2Fe re<luires Fe 16.96 C 59.28 H 4.97 N 8.64$.
C^H^NgOgFe 1H20 requires Fe 16.26 C 56.09 H 5.29
N 8.18$.
The product was heated for one hour at 110°C under re­
duced pressure. The compound darkened in colour with a loss 
in weight of 5.01$ (l HgO 2 5.19$]> and the broad band due to
water at 3300 cm.~^ disappeared. The product could have been 
the monohydrate or an incompletely dry product. However, in 
all subsequent measurements the dehydrated product was used.
Manganese(II) compounds
Salen manganese(II)
An aqueous solution of manganous acetate (2.29 S* £3 
—39.35 x 10 moles) was added slowly to a hot ethanolic solution
— 3of salen (2.51 g. 5 9*37 x 10 moles) containing just under
— 3two moles of 2N sodium hydroxide (9*0 mis. s  18.00 x 10 moles). 
The solution was digested for thirty minutes and then cooled.
A red-orange compound precipitated which was filtered off, 
washed twice with deoxygenated water, once with 96% ethanol, 
and dried with continuous pumping. The dry compound, obtained 
as small red-orange crystals, was stable in air but rapidly 
turned brown when moist.
Found: Mn 17.27 C 59.71 H 4.4-6 N 8.78$
Cl6H14-N2°3Mn re^VL±reB Mn 17.10 C 59.81 H 4.39 N 8.72^.
Chromium(ll) compounds
Salen ohromium(ll)
Attempts to prepare this compound have been made by mixing 
chromous salts with salen in dimethylformamide or 96$ ethanol 
in the presence of sodium hydroxide. Chromous sulphate, 
chloride and acetate have been used and in all cases a pale 
brown or green product has been obtained whose infra-red 
spectrum showed a broad adsorption at 3300 cm  ^ suggesting
that water was present in the product, A typical analysis 
is shown "below.
Found: Cr 16.52 C 53,53 . H 4.74 N 6.74^
^l6^14^2^2^r re<lu^res Cr 16,34 C 60*36 H 4*43 N 8,80^. 
The product was stable in air and the very low carbon 
analysis suggested that hydrolysis of the ligand could possibly 
have occurred.
4* PREPARATION OF NITRIC OXIDE DERIVATIVES
Cobalt compounds
The preparation of the mononitrosyls derived from chelates
has
of tetradentate Sehiff!s bases harV-e been described previously 
[86] and therefore the.only cases quoted are those with bidentate 
Schifffs base ligands.
(i ) Nitrosyl bis(N-phenylsalicylaldiminato) cobalt 
A solution of cobalt acetate (1.31 g* s 5*28 x 10*"^ moles) 
in dimethylformamide was added slowly to a solution of N-phenyl- 
salicylaldimine (2.11 g. s 10.66 x 10 moles) in the same 
solvent with constant stirring under nitric oxide. One mole 
of nitric oxide was absorbed per mole of cobalt, and the com­
pound which separated was filtered off, washed twice with 
deoxygenated water, once with 96% ethanol and dried under 
vacuum, to give a dark-green air-stable product.
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Found: Co 12.41 C 64.83 H 4*27 N 8*46#
C26H20N3°3Co rG(luires Co 12,24 C 64.87 H 4.19 N 8,73^.
(ii) Nitrosyl bis(N~methylsalicylaldiminato) cobalt
Cobalt acetate (1*67 g« s 6.72 x 10 moles) and N—
—3methylsalicylaldimine (1,81 g, s 13.40 x 10 moles) were reacted 
together as above under nitric oxide, but no product separated. 
The addition of water gave a black oil which crystallised when 
cooled in liquid air. The solid was filtered off, washed and 
dried as in (i) to give a black air-stable product.
Found: Co 16.68 C 51.54 H 4.57 N 11.40^.
Cl6Hl6N3°3Co re<luires Co 16*49 C 53.78 H 4.51 N 11.75$.
Iron compounds
Nitrosyls of the cobalt(ll) Schiff’s base complexes 
can be prepared either: (a) by mixing solutions of cobalt
acetate and the Schifffs base in an atmosphere of nitric oxide, 
or (b) by reacting nitric oxide with the preformed Schiff*s 
base complex suspended in a suitable solvent. Of these methods, 
the first gave purer products particularly when dimethylforma­
mide was used as the solvent. When this method was used to 
prepare the corresponding iron nitrosyls, substituting ferrous 
acetate for cobalt acetate, one mole of nitric oxide was 
absorbed per mole of iron, but a very light brown compound was
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precipitated which gave no N - 0 stretching frequency. The 
colour of the product and its infra-red spectrum suggested that 
it was the 1oxa-bridged* compound [l] presumably formed by the 
oxidation of the iron(ll) Schiff*s base complex by the nitric 
oxide, but this was not investigated.
In view of this method, (b) had to be used. A further 
complication was that method (b) in dimethylformamide usually 
gave the light coloured compounds. However, 96% ethanol was
found satisfactory as a solvent. Because a suspension of the 
ComfUi<
Schiff*s base^was being used, the absorption was to some extent 
a gas— solid reaction and was correspondingly slower than the 
analogous reactions for cobalt, and the products were more 
difficult to obtain pure. Further disadvantages were that the 
vapour pressure of the solvent had to be corrected for, and the 
nitric oxide had to be let into the reaction vessel without 
previous equilibration. However, if the nitric oxide was ad­
mitted to the unstirred solution, little reaction seemed to 
occur before the mercury in the gas burette had been levelled, 
and the gas uptake could be measured with reasonable accuracy.
The following compounds have been prepared in this way :
(i) NitrOsyl salen iron
In an atmosphere of nitrogen, solid ferrous acetate
—  7.
(1*39 g* S 6.77 x 10 moles) was added to an ethanolic solution
- V 7 -
of salen (1*81 g. ss 6*78 x 10  ^moles). The iron(ll) Schifffs 
base complex was precipitated immediately, but the solution 
was digested for thirty minutes until all traces of the Schifffs 
base had disappeared. The solution was cooled, the nitrogen 
replaced by nitric oxide, and the nitric oxide uptake measured 
at room temperature, the solution being continually stirred.
The iron(ll) complex soon darkened in colour and when the 
uptake was complete, the black crystalline product was filtered 
off, washed twice with deoxygenated water, once with S6% ethanol, 
and dried with continuous pumping, giving an air-stable product. 
Found: Fe 15.79 C 54-36 H 4-.20 N 12.03%
Cl6H14.N3°3:Fe re<luires Fe 15.86 c 54-57 H 4-.02 n 11.93$.
Apart from dimethylformamide and $G% ethanol, chloroform 
and ri-propanol were also tried as solvents. The chloroform 
product showed no N - 0 stretching frequency and the nature 
of the product was not determined. The reaction in n-propanol 
gave the required product but final traces of the solvent were 
extremely difficult to remove.
Ferrous sulphate, ferrous ammonium sulphate and ferrous 
ethylenediamine sulphate were tried as starting materials but 
pure products were not obtained, even when the preformed Schiffrs 
base complex was filtered off, washed and suspended in a fresh 
solvent. With ferrous sulphate as the starting material, the
—48*~
reaction was carried out at 0°C but this did not improve the 
purity of the product. The reactions were all therefore per­
formed at room temperature.
Ferrous acetate gave a purer product irrespective of 
whether the Schiff*s base complex was filtered off and sus­
pended in fresh 96$ ethanol or not. This filtration stage was 
therefore omitted in all subsequent preparations.
(ii) Nitrosyl 5-methylsalen iron
The product was prepared as in (i) from ferrous acetate
(1,41 g. s 6.85 x 10 3 moles) and 5"~niethylsalen (2.01 g. S 
—36.86 x 10 moles).
Found: Fe 14.75 C 57.50 H 4.87 N 11.05$
c18H18N3°3Pe re(luires Fe 14.70 C 56.86 H 4.77 N 11.03$.
(iii) Nitrosyl 5-chlorosalen iron
—3Ferrous acetate (0.84 g. = 4 . 0 7  x 10 moles) and salen 
— 3
(1.37 g* s 4.06 x 10 moles) were reacted together as in (i) 
to give a black, stable product.
Found: Fe 13.06 G 45.63 H 3.05 N 9.51$.
Cl6H12N3°3C12Fe re(luires Fe 13.20 C 45.64 H 2.87 N 9.98$.
(iv) Nitrosyl 5-nitrosalen iron
—3Ferrous acetate (0.79 g. 5 3.14 x 10 moles) and 5-
— 3nitrosalen (1.23 g. s 3*16 x 10 moles) were reacted together
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as in (i) to give a dark—green product, although the infra-red 
spectrum showed that the same product was obtained in dimethyl- 
formamide, This was the only compound in the series where this 
solvent gave the mononitrosyl, but method (a) still gave the 
1oxo-bridged1 5-nitrosalen ferric compound.
Found: Fe 13.00 C 44.14 H 3.06 N 14.98$
Cl6H12N5°7Fe re<luires Fe 12.70 C 43.46 H 2.74 N 15.84$.
Metal analyses carried out immediately after the compound 
had been dried agreed well with the expected value but low 
microanalysis figures were obtained for nitrogen. This was 
consistent with an impurity of the iron(ll) Schifffs base 
complex, the ligand or the 1oxo-bridged1 ferric compound.
Excess ligand would not account for the difference between the 
metal analysis and the microanalysis. The iron(ll) Schiff*s 
base complex could arise from either incomplete nitric oxide 
uptake or a slow loss of nitric oxide from the product. If 
the excess of the iron(ll) Schiff’s base complex oxidised in 
air then this would account for the presence of the ferric 
compound which could also arise from oxidation of the iron nitro­
syl by nitric oxide as occurred in the preparation of the 
previous nitrosyls in dimethylformamide. Loss of nitric oxide
from the product was obvious from a comparison of the infra-red 
spectra of a freshly prepared sample and a sample which had been
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prepared for four weeks (Fig,3). Comparison of (a) and (b) 
gave the N - 0 stretching frequency at 1792 cm  ^which had 
almost completely disappeared in (c), the infra-red spectrum of 
which was similar to that of 5—nitrosalen iron(ll). The colour 
changed from dark-green to dark-brown which was the colour of 
iron(ll) Schiff^ base complex and not the ferric compound.
It would appear therefore that nitric oxide was lost from the 
product to give the original iron(ll) Schiff’s base complex, thus 
agreeing with the difference between the metal analysis and the 
microanalysis. The above microanalysis was obtained for a 
sample two weeks old.
(v) Nitrosyl 4-chlorosalen iron
—3Ferrous acetate (1.01 g. S 4.01 x 10 moles) and 4—
—X
chlorosalen (1.33 g. =5 4*00 x 10 moles) were reacted together 
as in (i) to give a stable, dark-green product.
Found: Fe 13*46 C 45*68 H 2.84 N 9.38?6.
Cl6H12W3°3C12Fe re<luires Pe 13*20 C 45.64 H 2.87 N 9*98^
(vi) Nitrosyl 3-nitrosalen iron
— 3Ferrous acetate (1.25 g. 5  4.93 x 10 moles) and 3- 
nitrosalen (1.91 g. = 4-93 x 10  ^moles) were reacted together 
as in (i) to give a stable, dark-green product.
Found: Fe 12.58 C 44*12 H 3*65 N 15.34^
Cl6H12N5°7Fe re^uires Fe 12.70 C 43.46 H 2.74 N 15.84^.
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(vii) Reaction of nitric oxide with bisfN-phenylsalicyl— 
aldiminato) iron(ll)
The attempted preparation of the mononitrosyl as in (i) 
from ferrous acetate and the Schiff*s base yielded no product 
although one mole of nitric oxide was absorbed per mole of iron. 
Attempts to isolate a product by the addition of wai?er gave 
a black tar. By removing the alcoholic solvent and ether 
extracting the product, a crystalline material was obtained with 
an infra-red spectrum similar to that of bis(N-phenylsalicyl— 
aldiminato) iron(II).
(viii) Reaction of nitric oxide with bisfN-methylsalioyl— 
aldiminato) iron(II)
As in (vii), one mole of nitric oxide was absorbed per mole ; 
of iron but no solid separated. The alcoholic solvent was 1
removed and the product ether extracted. Removal of the ether 
gave a crystalline product which, as above, had an infra-red 
spectrum similar to that of the iron(ll) Schifffs base complex.
In the last two preparations, the mononitrosyls will 
probably have to be prepared, as in the earlier preparations, 
by using a solvent which causes the product to precipitate 
directly. However, the nitrosyls appear to be more soluble 
in 96% ethanol than the corresponding Schiff*s base complexes 
since a suspension of the latter was used for the nitric oxide
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reaction* Therefore a solvent which preferably reverses the 
order of solubilities of the nitrosyls and the Schiff*s base 
complexes must be found.
Manganese Compounds
Reaction of nitrio oxide with salen manganese(II)
A suspension of manganous acetate (1.32 g 5
5.35 x 10 moles) in $6% ethanol was mixed with a solution of 
salen (1.49 6* s 5«35 x 10 moles) in the same solvent under 
nitric oxide. 0.7 Moles of nitric oxide was absorbed per mole 
of solution to give a black product which was fairly soluble in 
water and insoluble in ether. The product was filtered off, 
washed quickly with deoxygenated water and ether and dried 
with continuous pumping.
Both the final product and the filtrate were stable in 
air and the infra-red spectrum of the product showed no N - 0 
stretching frequency. These two facts coupled with the solu­
bility of the product in water suggested that a manganese(ill) 
product was obtained. Analysis of the product showed
Mn 14.09 C 56.11 H 4.67 N 7*k5%
This analysis agreed with the formulation of the com­
pound as salen manganese(lll) acetate, the acetate ion maintaining 
electroneutrality. The expected analysis of this compound 
is
-54-
Cl8H17N204Mn requires Mn 14*44 C 56,85 H 4,50 N 7*37$ 
whereas for the nitrosyl
^16^14^2^2Mn requires Mn 15*63 C 54*70 H 4*02
N 11.96$.
By analogy with the iron compounds, the preparation of 
nitrosyls would be favoured by the direct reaction of nitric 
oxide and salen manganese(II)• When this was tried, by break­
ing a tube of salen manganese(II) under nitric oxide and suspend- ■ 
ing the solid in 96$ ethanol, it was found that 2,2 moles of 
nitric oxide per mole of manganese were absorbed, A brown 
product was obtained which was soluble in water and insoluble 
in ether. There was no N - 0 stretching frequency in the 
infra-red spectrum, although water was indicated by a broad band 
at 3300 cm **". The product was not investigated further, but, 
in the absence of acetate ions, it could possibly be salen 
manganese(III) hydroxide.
Chromium Com-pounds
Reaction of nitric oxide with salen chromium(ll)
The mixing of chromous acetate and salen in 96$ ethanol 
under nitric oxide gave an absorption of 0,7 moles nitric oxide 
per mole of chromium to give a light brown product. The com­
pound obtained by mixing chromous acetate and salen under 
nitrogen, was reacted with nitric oxide and 1.4 moles nitric
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oxide per mole of chromium were absorbed to give a light brown 
product. Both methods gave very low yields and no metal 
analyses were carried out. However, the infra-red spectrum 
in both cases indicated the presence of water. The micro-,
analysis of the product from the direct reaction gave
C 44*41 H 4*18 N 9.04$ ,
for the mononitrosyl
^l6^14^2^2^r* ^  requires C 55.16 H 4.05 N 12.06$,
for the hydroxide
cl6H14N2°2Cr,0H re<luires c 57.30 H 4.21 N 8.35$.
From present knowledge, it has not been possible to 
identify the products.
S E C T I O N  III
RESULTS AND DISCUSSION
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The results will be discussed according to the central 
metal ion in the order cobalt(ll), iron(ll), manganese(II) and 
chromium(II).
Cobalt(ll) compounds
The ligands are either quadridentate or bidentate Schiff*s 
bases. For cobalt(ll) the main emphasis has been on the mag­
netic properties of the quadridentate ligands since the nitro- 
syls have already been studied [86], The general formula can 
be taken as :-
0
v /  Co
N CH
I f
CH2—  CH2
where R can be a substituent in the 3> 4, or 5 positions,
(l) Magnetic Properties
The cobalt(ll) complexes investigated, and their room 
temperature magnetic moments are given in Table 1, Their 
temperature-susceptibility behaviour is shown in Figs, 4 to 8 
and Table 2, All compounds except those marked with an 
asterisk (Table l) obeyed the Curie-Weiss law with small values 
of © and room temperature moments between 2,1 and 2.9 B,M.
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TABLE 1
Room Temperature Magnetic Moments of Cobalt(II) 
Schiffs Base Compounds
Ligand Magnetic Moment (B.M.) j 
^ e f f . ^
5-Methylsalen
'
2.16
5-Bromosalen 2.31
5-Methoxysalen 2.94
* 5-Nitrosalen 2.43
4-Chlorosalen 2.35
3-Methoxysalen 2.48
3-Methoxysalen monohydrate 4.52
3-Ethoxysalen 2.49
* 3-Ethoxysalen monohydrate 2.81
* 3,5-Dinitrosalen
i
2.60 il
N-Phenylsalicylaldimine
i
4.37
N-Methylsalicylaldimine 4.4-7
i....... .. , - ......- .
* Compounds which do not obey the Curie-Weiss Law.
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TABLE 2
Magnetic Susceptibility Measurements on Cobalt(ll) 
Schifffs Base Complexes
(i) 5-Methylsalen Cobalt(II)
Temp. ( K ) 297*5 266.0 235.0
^  x 106 1951 2172 2418
^  X lo-1 51.26 46.03 41.36
Heff.(B .M.) 2.16 2.15 2.14
Molecular Weight 353.3 
Diamagnetic Correction 178.6 x 10
(ii) 5-Bromosalen Cobalt(ll)
Temp.(°K) 295.8 265.6 235.0
x 10 2328 2601 2912
^  x 10-1 42.96 38.45 34.38
eff<(B.M.) 2.31 2.32 2.32
Molecular Weight 483.3 
Diamagnetic Correction 209.2 x 10
(iii) 5-Methoxysalen Cobalt(ll)
Temp.(°K) 295.0 265.2 234.5
^  x 106 3634 4000 4566
^  x 10-1 27.52 25.00 21.90
Peff.(B .M .) 2.94 2.92 2.94
Molecular Weight 385.3 
Diamagnetic Correction 187.8 x 10
203.5 169.5 137.5 119.5 92.0
2794 3304 4047 4687 6169
35.79 30.27 24.70 21.34 16.2
2.14 2.13 2.12 2.13 2.14
6
e.g. s.u. © = 3°K.
202.5 169.1 136.5 99.5
3336 4178 4922 6764
30.08 23.93 20.32 14.77
2.30 2.36 2.32 2.31
>6
e.g. s.u. © = 3°K.
202.5 167.6 137.8 104.6
5246 6278 7607 9839
19.06 15.92 13.15 10.16
2.93 2.92 2.91 2.89
•6
e.g. s.u. © = 8°K. . - -
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TABLE 2 (ContcL.)
(iv) 4-Chlorosalen Cobalt(ll)
Temp. (°K) 298.1 266.0 235.9 204.3 168.2 135.7 97.6
Xc x 106
2296 2631 2866 3265 3935 4767 6523
l—1 10rH« 43*55 38.00 34.89 30.63 25.42 20.98 15.33
^eff. (B *M#) 2.35 2.40 2.34 2.32 2.31 2.29 2.27
Molecular Weight 394*1 
Diamagnetic Correction 189 .3 x 10 -6 e.g. s. u. 9 = 11°]EC.
(v) 3-Methoxysalen Cobalt(II)
Temp.(°K) 300.0 265.8 239.6 213.5 175*3 145.4 118.5 87.5
M (-> O O
N
2544 2854 3168 3543 4338 5227 6345 8456
X 10_1 39*23 35.04 31.57 28.23 23.05 19.13 15.74
11.82
2.48 2.47 2.47 2.47 2*48 2.47 2.46 2 • 44
Molecular Weight 385*3 
Diamagnetic Correction 187 .8 x 10*-6 e.g. s.u. 9*2°K.
(vi) 3-Ethoxysalen Cobalt(II)
Temp. (°K) 297.6 266.5 236.0 203.5 169.4 136.3 118.9 93.7
X x 106 2591 2869 3232 3701 4405 5456 6423
8200
l/K i x io~1 38.59 34.85 30.93 27.02 22.70 18.37 15.57 12.19
^eff.(B,M*) 2.49 2.48 2.48 2.46 2.45 2.45 2.49 2.49
Molecular Weight 413*4
Diamagnetic Correction 211 .5 x 10
-6 e.g. s. u. © = 0°K •
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TABLE 2 (Contd.) 
(vii) 3~Methoxysalen Cobalt(ll) Monoh.ydrate
Temp*(°K) 361.2 341.9 317.0 297.9 2 64.8 239.0 211.4
X, > 7287 7374 7992 8526 9497 10360 11510
H O
1
13.72 13.55 12.50 11.73 10.53 9.65 8.69
^eff. B^-M .) 4.61 4.51 4.52 4.52 4.50 4.47 4.43
Temp.(°K) 174.3 142,2 110.9 87.5
Xm x 106 13810 17130 20070 25520
X 10_1 7.24 5.84 4.99 3.92
^eff.(B,M*) 4.41 4.40 4.24 4.24
Molecular Weight 403.3 Diamagnetic Correction :204.5 x 10 c.
© = :18°K.
(viii) 3-Ethoxysalen Cobalt(ll) Monohydrate
Temp.(°K) 360.0 330.1 306.9 294.0 264.4 234.2 202.6
v* 6
X j x 10 3869 3705 3505 3329 3045 2833 2803
- '“-1 25.85 26.99 28.53 30.04 32.84 35.29 35.67
^eff.(B'M .) 3.35 3.14 2.95 2.81 2.55 2.31 2.14
Temp.(°K) 167.5 135.3 103.2
X  x 106 3123 3754 4911
X  x 32.02 26.64 20.36
^eff. 2.05
2.02 2.02
—6Molecular Weight 431*4 Diamagnetic Correction 224.2 x 10 e.g.s.u.
© = 10°K.
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TABLE 2 (Contd. ) 
( ix ) 5-Nitrosalen Cobalt(ll)
Temp,(°K) 380.6 361.5 343.3 310.5 300.0 269.7 240.4
X m x 10,6 2054 2185 2271 2432 2444 2636 28441-II0 
1 I
X 48.69 45.76 44.03 41.12 40.92 37.94 35.16
^eff. (B,M> ) 2.51 2.54 2.51 2.47 2.43 2.40 2.35
Temp .(°K) 209.6 174.0 142.7 114.9 82.0
X u  x
a m  x
106 3102 3605 4152 4792 6034
10-1 32.23 27.74 24.09 20.86 16.57
^eff.(B.M.) 2.29 2.25 2.19 2.11 1.99/»
Molecular Weight 415 .3 Diamagnetic Correction '157.8 X 10 c.
(x) 3.5-Dinitrosalen Cobalt(ll)
Temp.(°K) 361.1 338.9 321.5 297.0 266.2 235.0 202.8
X m x 1(36 2269 2675 2745 2815 2 949 3165 3451
%  x 10-1
37.46 37.38 36.42. 35.52 33.91 31.59 28.98
^eff.(B , M * ) 2.79 2.71 2. 67 2.60 2.52 2.45 2.38
Temp, (°K) 168.5 136.1 117.7 91.4
jX m x 106 3902 4543 5147 6201
<AjJ 10-1 25.63 22.01 19.43 16.13
^eff. (B.M.) 2.30 2.23 2.21 2.14
Molecular Weight 505.3 Diamagnetic Correction 160.8 x 10 e.g.s.u.
TABLE 2 (Contd,)
iminato) Cohaltfll)
2 3 9 . 0 204.0 175.0 144.0 116.7
9749 11390 13420 16090 19740
10.26 8.78 7.45 6.22 5.07
4.34 4.34 4.37 4.32 4.31
—6 oDiamagnetic Correction 228.7 x 10 e.g.s.u. 0 = 5 K
(xii) Bis ( N-methyl salicylaldiminato ) Cobal t (II)
Temp.(°K) 295.0 262.8 237.0 203.0 174.4 144.1 125.4
^  i 10 8418 9151 10070 11600 13140 15450 17320
5 ^  x 10-1 11.88 10.93 9.93 8.62 7.61 6.47 5.77
(B *M *) 4.47 4.40 4.39 4.36 4.30 4.24 4.18
Molecular Weight 330.4
Diamagnetic Correction 160.7 x 10*”^  e.g. s.u. 9 = 33°K.
(xi) Bis(N-phenylsalicylald 
Temp.(°K) 299.6 266.4
) £  X 106 7881 8790
—I ,
x 10 12.69 11.38
^eff.(B *M *) 4.37 4.35
Molecular Weight 451.4
87.5
25900
3 .86
4.28
84.0
23500
4.26
3.99
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*7
Cobalt(ll), with its 3d configuration, can form com­
pounds containing one or three unpaired elect*rons. Those 
compounds obeying the Curie-Weiss law therefore contained one 
unpaired electron although the experimental moments were all 
higher than the spin—only value of 1.88 B.M. The increase in 
moment was due to considerable orbital contribution as has been 
shown to exist by Figgis and Nyholm [100] for spin-paired planar 
cobalt(ll) complexes.
Although the anhydrous 3-niethoxy- and 3-ethoxy-substituted 
compounds were normal, planar, spin-paired cobalt(II) compounds 
(Fig.5)> the 3-methoxy monohydrate was spin-free, obeying the 
Curie-Weiss law (© = 18°K) whilst the magnetic behaviour of the 
3-ethoxy hydrate was complicated (Fig.6), Its moment decreased 
from a value approaching that expected for three unpaired 
electrons (3*35 B.M. at 360.0°K) to one of 2.02 B.M. at 103*5°K, 
that expected for one unpaired electron. Temperatures above 
360°K could not be used because of dehydration. A further 
anomaly was the maximum at 213°K in the temperature versus re­
ciprocal of molar susceptibility curve. A spin-free, spin- 
paired equilibrium has been postulated for the iron(lll) di- 
alkyldithiocarbamates to explain their similar behaviour [101a].
The water molecule in these compounds apparently modifies 
the ligand field so as to favour the spin-free state. This
-71-
suggests that it is co-ordinated and that the compounds are
square pyramidal. The change in splitting of the 31 energy
levels on passing from a perfectly octahedral to a square planar
configuration is shown in Fig«9, the square pyramidal structure
will have a smaller energy difference between the <3- 2— 2
x y
orbital and the next lowest 1d 1 level than will the square planar 
arrangement, hence there will be a greater likelihood that 
the former arrangement will give spin—free compounds. Possibly 
for the 3—methoxy hydrate, the tetragonal distortion'was small 
enough to allow the molecule to be spin-free, whereas for the 
3-ethoxy hydrate the distortion was such that the energy differ­
ence between the spin-free and the spin-paired states was 
comparable to the thermal energy, kT, giving rise to a spin- 
free, spin-paired equilibrium. Similar molar susceptibilities 
at room temperature have been reported [3] for the monohydrates 
of the 3-tiutoxy and 4--methoxy substituted compounds suggesting 
that in these the water molecule is also co-ordinated. Tetra­
gonal distortion alone can cause a large variation of moment 
with temperature [101b], However, it appears that the magnetio 
susceptibility values can be used to differentiate between if 
or 3 co-ordinate cobalt(II)* Calvin!s [3] type II oxygen- 
carrying compounds (n = 3) have the general formula:
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CH
Their susceptibilities at room temperature fall in the
range 6,500 x 10  ^ c.g.s.u. (R = 39ethyl 4*niethoxy) to 
-68,950 x 10 c.g.s.u, (R = 3,methoxy). These values are similar 
to those of the hydrates above, thus suggesting that the third 
nitrogen atom is co-ordinated to the cobalt ion. The Curie- ' 
Weiss law has been found to hold for the hydrated and anhydrous 
compounds (R = H), but a more comprehensive treatment is 
necessary before any concrete conclusions can be drawn.
Neither the 5‘“ni'tro- nor the 3* 5-dinitro-substituted 
compounds obeyed the Curie-Weiss law. The plot of the tempera­
ture against the reciprocal of susceptibility was curved, thus
making it impossible to obtain © by extrapolation. However,
Jbe
the moments decreased with increasing temperature and this could 
be due to antiferromagnetic interaction, or a spin-free, spin- 
paired equilibrium as for the hydrates mentioned above, except 
in these cases, the maximum in the-^curve has not been reached.
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Bis(N—phenylsalicylaldiminato) cobalt(ll) obeyed the 
Curie-Weiss law (© = 5°K) with a magnetic moment 
of 4«37 B.M, at room temperature suggesting, as has been pre­
viously found [29,30], that the compound is tetrahedral.
Bis(N-methylsalicylaldiminato) cobalt(ll) has been shown 
recently to be 5-co-ordinate having a distorted trigonal bi- 
pyramidal structure [15] (5,ig-2). The compound, which has been 
prepared by two methods, was spin-free = k-*kl B.M.) and
obeyed the Curie-Weiss law (© = 33°K). The value of © 
suggested some interaction might occur which could be compatible 
with the proposeddimeric five co-ordinate structure, although 
the magnetic data alone did not eliminate the possibility of a 
tetrahedral configuration,
f2)Reaction of cobalt(ll) Schifffs base complexes with nitric oxide 
The Schiff*s base complexes of cobalt(ll) studied here 
absorbed one mole of nitric oxide per mole complex* The 
mononitrosyls formed with quadridentate Schiff1s base ligands 
have been discussed elsewhere [86], This series has been 
extended and mononitrosyls prepared containing bidentate 
ligands.
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(i) Magnetic Properties
TABLE 3
Magnetic Susceptibility Measurements on Cobalt Schifffs
Base Nitrosyls
(i) Nitrosyl 5-Bromosalen Cobalt
Temp.(°K) 296.0 266.0 235.0 203.5 166.5 137.5 95.5
x 106 134.8 138.2 137.2 138.3 139.2 139.4 139.4
Heff>(B.M.) 0.57 0.55 0.51 0.48 0.43 0.39 0.33
—6Molecular Weight 513*0 Diamagnetic Correction 213.1 x 10*” c.g.s.u.
(ii) Nitrosyl A-Chiorosalen Cobalt
Temp,(°K) 300.2 265.1 238.9 213.3 173.7 144.1 118.4 87.1
x 10 165.8 165.8 174.2 186.7 194.7 203.4 218.3 278.6
peff (B.M.) 0.63 0.60 0.58 0.57 0.52 0.49 0.46 0.44
—6
Molecular Weight 424.1 Diamagnetic Correction 193.1 x 10 c.g.s.u.
(iii) Nitrosyl Bis(N-phenylsalioylaldiminato) Cobalt
Temp.(°K) 297.9 264.4 238.O 210.5 174.1 141.5 114.7 85.0
x 106 187.2 193.6 193.S 205.0 227.8 233.5 267.6 355.9
p-eff (B.M.) 0.67 0.64 0.61 0.58 0.55 0.52 0.50 0.49
—6
Molecular Weight 481.8 Diamagnetic Correction 232.6 x 10 c.g.s.u.
(iv) Nitrosyl Bis(N-methylsalicylaldiminato) Cobalt
Temp.(°K) - 298.4 264.6 238.3 212.2 174.9 143.4 116.7 86.7
^  X 106 226.2 240.1 252.2 276.1 320.7 331.2 472.9 478.2
Peff (B.M.) 0.74 0.72 0.70 0.69 0.6? 0.62 0.66 0.57
—6
Molecular Weight 357.3 Diamagnetic Correction 164*6 x 10 c.g.s.u.
— 7 5-
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The magnetic properties of the mononitrosyls are given
in Table 3 and Fig.10. All the compounds had fractional
compound
magnetic moments and the 5-bromo substituted/exhibited tempera­
ture independent paramagnetism (T.I.P.) as has been previously 
found for the corresponding 5-chloro, 5-methyl, 5-methoxy, and 
5-nitro substituted compounds [86]. For the 4~chloro, N-phenyl, 
and N-methyl cobalt nitrosyls the plot of l/~^^ against 
temperature, which should be horizontal, showed a gradual 
!tailing off1, which became more marked at lower temperatures. 
This effect seems to be due to contamination with the cobalt(II)
Schiff*s base complexes from which the nitrosyls were prepared.
—6Assuming a T.I.P. contribution of 120 x 10 c.g.s.u. for the 
N-phenyl and N-methyl cobalt nitrosyls then the curves shown 
in Fig.10 would be obtained with 0.9% end 1.3% impurity res­
pectively. Such a correlation for the 4-chloro nitrosyl was 
difficult since the difference in weight in and out of the mag­
netic field was only of the order of -0.00005 g«, thus making 
any experimental errors extremely large.
(-:'L) Infra-red Spectra
The positions of the N - 0 stretching frequencies are 
shown below and were determined by comparing the spectrum of a 
given nitrosyl with the corresponding Schiff*s base complex.
The significance of these frequencies will be discussed when 
the corresponding iron compounds are considered.
-77-
ligand v H_0(°m"'1 ) i
i
5-hromo salen
i
1632
4-chlorosalen 1686
N-phenylsalicylaldimine 1643
N-methylsalicylaldimine 1646
Iron(ll) Compounds
(3) Magnetic Properties of Iron(ll) Schiff!s Base Complexes
TABLE 4
Room Temperature Magnetic Moments of Iron(ll) Sohiff*s 
Base Compounds and Corresponding Mononitro s.yls
Ligand Magnetic Moment(|j )(B.M.)ei 1 »
Schiff Base Complex .Mononitrosyl
Salen 4.77 l 3.61
5-Methylsalen 5.35 I 3.98
5-Chloro salen 4.72 ! 3.98
5—Nitro salen 4.91
COO•N"\
4-Chlorosalen 4.74 1 4.03
3—Nitrosalen 4.97 j 3.67
N-Phenylsalicylaldimin© 5.11 -
N-Methylsalicylaldimine > 5.01
i
-78-
TABLE 5
Magnetic Susceptibility Measurements on Iron(ll) Sohiff^s
Base Compl
(i) Salen Iron(ll)
Temp,(°K) 298.0 266.0 236.0
Y j ,  x  1 0 6 9 4 8 2  1 0 2 2 0  1 1 6 7 0
'/% ’ 10'1 10.55 9.79 8.57
peff>(B.M.) 4.77 4.68 4.71
Molecular Weight 322.2 Diamagn
(ii) 5-Nitrosalen Iron(ll)
Temp.(°K) 294.5 263.0 232.5yi x  1 0 6 1 0 1 7 0  1 1 2 8 0  1 2 8 0 0
x 10_1 9.84 8.87 7.81
^eff.(B,M*) 4.91 4.89 4.90
Molecular Weight 412.2 Diamagn
(iii) 5~Chlorosalen Iron(ll) 
Temp.(°K) 296.0 265.0 235.0
^  x 1CT 9342 10310 11690
%  x 10-1 10.70 9.70 8.55
^eff.(B *H *) 4.72 4.69 4.71
Molecular-Weight 391*1 Diamagn
xe s
205*5 169.0 136.0 106.0 96.0
13550 16470 20560 25870 30330
7.38 6.07 4. 8 6 3.87 3.30
4.74 4.74 4.75 
tic Correction 155.8
4.70 
x 10
4.85
6
c. g. s
0 = 3 °K.
201.5 168.0 135.5 94.0
15070 18210 22810 32260
6. 64 5.49 4.38 3.10
4.95 4.97 4.99 4.95
tic Correction 157.8 x 10“6e. g. s
0 = 0 °K.
204.0 170.0 134.5 108.5 96.0
13500 16230 20090 25210 28350
7.41 6.16 4.98 3.97 3.53
4.71 4.71 4.67 4.69 4.69
tic Correction 189.2 x 10~^c.g.s.u. 
9 = 2°K.
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TABLE 5 (Contd, )
(iv) 5-Methyl salen Iron (11)
Temp.(°K) 294,5 264.0 233.0 204.0 167.5 135.0 100.0
X 10^ 12050 13450 15170 17350 20780 25360 32170
J X * 10-1 8.30 7.43 6.59 5.77 4.81 3.94 3 . H
.) 5.35 3.35 5.34 5.34 5.30 5.20 5.15
Molecular Weight 350.2 Diamagnetic Correction 179.6 x 10~
0 = 9°K.
(v) 4-Chlorosalen Iron(ll)
Temp.(°K) 296.8 263.7 238.0 211.2 178.2 144.1 117.1
1 m * 106 9374 10390 11520 12920 15490 18700 22720
/X x 10-1 10.67 9.63 8.68 7.74 6.46 5.35 4.39
^eff.^B *M .) 4.74 4.70 4.70 4 . 69 4.72 4.66 4.63
Molecular Weight 391.1 Diamagnetic Correction 189.2 x 10
0 = 10°K
(vi) 3-Nitrosalen Iron(II)
Temp(°K) 297.6 264.5 238.8 203.9 169.6 137.5 108.9
X m x 10 6 10270 11750 12920 15250 17980 22130 27750
I X x 10-1 9.74 8.51 7.74 6.56 5.56 4.52 3.60
^eff.^B,M .) 4.97 5.01 4.99 5.01 4.96 4.95 4.94
Molecular Weight 412.2 Diamagnetic Correction1 157.8 x 10~
© = 6°K.
-80-
TABLE 5 (Contd.)
(vii) Bis(N-Phenylsalicylaldiminato) Iron(II)
Temp.(°K) 296.5 265.5 234.5 203.0 169.0 136,0 119-5 94.5
v/« 6
j(u x 10 10900 12040 13500 15510 18470 22620 25350 31340
x 10-1 9.17 8.30 7.41 6.44 5.41 4.42 3.94 3.19
5.11 5.08 5.05 5.04 5.02 4.98 4.94 4.89
—6Molecular Weight 448.3 Diamagnetic Correction 229*7 x 10 c.g.s.u.
© = 12°K
(viii) Bis(N—Methylsalicylaldiminato) Iron(II)
Temp.(°K) 294-0 263.5 233.0 201.5 167.5 135-5 122.5 92.0
x 106 10600 11850 13520 15610 18940 23550 26020 33960
^  x 10-1 9.44 8.44 7.40 6.36 5.28 4.25 3.84 2.95
Heff.(B .M.) 5.01 5.02 5.04 5.04 5.06 5.06 5.06 5.10
—6Molecular Weight 329.3 Diamagnetic Correction 161.7 x 10 c.g.s.u.,
© = 0°K
— si —  i
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Iron(ll) has a 3d outer electronic configuration and 
this allows four, two or no unpaired electrons. As shown in 
Tables 4 and 5 and Figs. 11 and 12, the compounds studied, 
obeyed the Curie-Weiss law with small values of 0 and magnetic 
moments at room temperature in the range 4.7 - 5#4 B.M, Therefore 
all the compounds were spin-free with four unpaired electrons.
The magnetic data alone did not indicate the stereo­
chemistry of the iron atom. The compounds obtained using a 
quadridentate ligand were probably planar due to the requirements
of the ligand* However, a planar stereochemistry is usually
7 ft Q
favoured only for d , d and [102], and therefore, the 
complexes obtained with bidentate ligands were probably tetra­
hedral.
(4) Conductivities
As can be seen in Table 6, the compounds were all non­
conducting in nitrobenzene at 25°C.
(5) Re action with Nitric Oxide
Solid mononitrosyls could not be isolated from the reaction 
of nitric oxide with the iron(ll) complexes of bidentate ligands. 
The iron complexes of the quadridentate ligands absorbed one mole 
of nitric oxide per mole of complex. However, as was discussed 
earlier (Section II, p. 45 ), the product was dependent on the 
method of preparation and the solvent.
-84-
TABLE 6
Molar Conductivities of Iron Schiffts Base Compounds 
and Mononitrosyls in Nitrobenzene at 25°C
Ligand Molar Conductivity(mhos .mole ^cm^
Schiff!s Base Complex Nitrosyl
Salen ^  0.1 ^0 . 1
5-Methylsalen -0.1 •'-v o«4
5-Chlorosalen ***0. 0 ^  0.1
5-Nitrosalen in soluble 0.1
A'r-Chlorosalen — 0.1 ^  0.0
3-Nitrosalen insoluble '*•' 0.2
N-Phenylsalicylaldimine ^0,0 -
^-Methylsalicylaldimine -0,1
i
7
Specific Resistance of nitrobenzene = 1,214 x 10 ohm,cm. 
Typical Conductivities of Electrolytes
Electrolyte Type Molar Conductance Range in
—1 2in Nitrobenzene (mhos.mole cm )
M+X~
m 2+(x ")2
m 3+(x ")3
20 - 35 [103] 
30 - 40 [104] 
40 - 60 [103]
ca 85 [105]
-85-
(i) lufra-Red Measurements at Room Temperature
The spectra of the nitrosyls and the parent complexes 
in the appropriate region are shown in Figs.3> 13 and 18.
Each nitrosyl shows a strong additional absorption compared 
with the parent complex which has been assigned to the nitric 
oxide stretching frequency (Table 7)*
TABLE 7
Ligand Vjj.oCom-1)
L.......-.... —... i
Salen 1712
5-Methylsalen 1723
5-Chloro salen 1672
5-Nitro salen 1792
4-Chlorosalen 1687
3—Nitrosalen 1697
In both the iron and cobalt nitrosyls, the N - 0 frequency 
occurs in the range previously assigned to the co-ordinated 
nitrosonium ion N0+ [37]* On this basis, Hewlett [86] consid­
ered the cobalt nitrosyls to contain formally cobalt(l) and N0+ 
since the alternative as sumption,that they contained cobalt(lll)
— 8 6 —  
Figure 13
(a)
4-ChJ oro sal en Fe(II)
(b)
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N/trosyJ 4"Chlorosalen Fe
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1-----1 | i^ ppCm
Nitrosyl 3-Nitrosa!en Fe
and NO ,did not seem compatible with the assignment of the
range to co-ordinated NO • Since NO is isoelectronic with
—1oxygen which has a stretching frequency at 1555 cm [106]
G-ans [41] has recently predicted that the range 1700-2300 cm**^  
was indicative of co-ordinated NO and the range 1500-1700 cm 
as representing co-ordinated NO • The cobalt nitrosyls could 
then be said to contain cobalt(lll) and N0~, the existence of 
T.I.P. being due to the cobalt(lll) ion as in some of its 
ammines [94]* A further indication that the metals could be 
in a +3 oxidation state was shown by the oxidising properties 
of nitrio^oxide as indicated in the preparation, of the iron 
nitrosyls. It is suggested therefore that these compounds con­
tain a metal ion with an oxidation state of +3 and co-ordinated 
NO • This is also consistent with the stability of these 
complexes to air.
The formulation of nitric oxide being present as N0+ or 
NO is purely for convenience since the true situation is 
probably between these two extremes, the exact state of the 
nitric oxide and the metal differing from compound to compound. 
However, the present theory provides an adequate explanation and 
the iron compounds to be discussed, in view of recent corres­
pondence, will be considered to contain iron(lll) and co-ordinate 
NO although the properties could be discussed assuming the
-88-
existence of iron(l) and N0+.
Hewlett [86] showed that the N - 0 stretching frequency 
for the cobalt nitrosyls increased approximately linearly with 
the electron-withdrawing abilities of the substituents as ex­
pressed by their Hammett or constants. This can be explained 
assuming that the electron-withdrawing substituents increased 
the contribution of (l) below, i.e. decreased the amount of 
metal-ligand tt bonding.
- M - N 55 0   - M = N = 0
(1) (2)
No such relationship has been found for the iron nitro­
syls. The two series of compounds are very different 
magnetically. As shown in the next section, at room tempera­
ture the iron nitrosyls are spin-free with moments corresponding 
to three unpaired electrons, whereas the cobalt nitrosyls are 
spin-paired and effectively diamagnetic. The N - 0 stretching 
frequencies for the iron nitrosylsare always higher than for 
the corresponding cobalt nitrosyls, and must therefore, since 
the masses of iron and cobalt are very similar, possess a 
stronger N — 0 bond but a weaker M — N bond, suggesting that 
there is less metal-nitrogen w bonding for the iron nitrosyls. 
The bonding of nitric oxide to a transition metal ion depends 
on a synergic <T and w bond, the strength of the bond being
-89-
primarily due to the w bonding. The change in the electronic 
properties of the substituent would, in the case of cobalt, 
probably only affect the 1r bonding system and hence a linear re­
lationship was obtained. For the iron nitrosyls, the tt bonding 
is weaker between the metal and the nitrosyl group and a change 
in the electronic properties of the substituent may well have 
affected the as well as the ir metal^-nitrogen bond. Electron- 
withdrawing substituents would increase the electronegativity 
of the metal and strengthen the cr bond, resulting in a lower 
N — 0 stretching frequency. As mentioned above, in the cobalt 
nitrosyls, electron—withdrawing substituents act through the w 
system to give the opposite result. The relative importance 
of CT and w—bonding in spin-free compounds will determine sub­
stituent effects, and may be so variable from compound to 
compound that no pattern may emerge. Solid state effects 
could also be important. Unfortunately, solution spectra were 
impossible because of the poor solubility of the compounds in 
suitable solvents, and because the solutions were oxygen 
sensitive.
(ii) Magnetic Properties of Iron Schiff^ Base Nitrosyls
These compounds probably represent the only series of 
paramagnetic spin-free nitrosyls studied in the solid state.
The oompounds can be classified into those which obeyed the
- 9 0 -
Curie-Weiss law and those which did not as shown in Table 8, 
and Figs, 14 - 16.
TABLE 8
Magnetic Susceptibility Measurements on Iron Schiff!s
Base Nitrosyls
I, Compounds obeying the Curie-Weiss Law.
(i) Nitrosyl 5-Methylsalen Iron
Temp.(°K) 297.8 266.5 232.8 203.7 169.6 136.7 119.4 93.7
x 10 6595 7339 8325 9677 11690 14660 15850 21450
f](^  x lo-1 15.16 13.63 12.01 10.34 8.55 6.82 6.30 4.66
Peff>(B.M.) 3.98 3.97 3.96 3.99 4.00 4.02 3.91 4.03
Molecular Weight 380.2 Diamagnetic Correction 183.5 x 10 ^c.g.s.u,
Q = O K .
(ii) Nitrosyl 5-Chlorosalen Iron
Temp.(°K 
6x 10 6608
I
I
^eff.
D C  x 10-1
o,
X *  x  lo6 3993m
1 -i
M X 10
^eff.
273.7 241.0 203.5 168.0 123.5 85.5
7169 8095 9378 11580 14670 19210
14.08 12.45 10.74 8.68 6.84 5.22
3.96
421.1
3.95 3.91 3.95
Diamagnetic Correction
3.82
194.1
0
3.63
c
x 10 
= 17°K
•Nltro salen Iron
263.9 233.2 200.5 167.6 135.4 90.8
4389 4869 5473 6293 7335 9273
22.78 20.54 18.27 15.87 13.62 10.78
3.06 3.03 2.97 2.92 2.77 2.61
CM«
CM Diamagnetic Correction 162.7 x 10 ^
0 * 68°K
-91-
TABLE 8 (Contd.)
(iv) Nitrosyl A— Chlorosalen Iron
Temp,(°K) 299.1 265.7 239.2 205.5 161.5 122.5 85.0
x 10 6743 7354 8106 9355 11450 14330 18810
* x 10-1 14.83 13.60 12.34 10.69 8.73 6.98 5.32
Heff.(B .M.) 4.03 3.97 3.96 3.94 3.86 3.76 3.59
—6Molecular Weight 421.1 Diamagnetic Correction 194.10x 10 c.g.s.u,
0 = 34 K.
(v) Nitrosyl 3~Nitrosalen Iron
Temp.(°K) 297.0 264.4 238.0 208.9 174.6 142.9 114.6 87.2
x 106 5632 6381 6866 7890 9199 11000 13400 17130
x 10-1 17.75 15.67 14.56 12.67 IO.87 9.09 7.46 5.84
Peff>(B.M.) 3.67 3.69 3.64 3.65 3.60 3.56 3.52 3.47
—6Molecular Weight 442.2 Diamagnetic Correction 162.7 x 10 c.g.s.u.
© = 150K.
II. Compounds not obeying the Curie-Weiss Law 
(i ) Nitrosyl Salen Iron
(a) Cooling the speoimen
Temp.(°K) 294.0 263,C
M x 106 5418 5836
/)Q x 10_1 18.46 17-14
Heff<(B.M.) 3.61 3.54
Temp.(°K)
x lo6
* -1
if x 1°M
l^ ef f. ( B, M.)
233.1 202.5 183.9 178.2 175.0
6365 7096 7182 7107 3375
15.71 14.09 13.93 14.07 29.64
3.50 3.43 3.26 3.19 2.17
166.8 135.1 106.5 93.5
3441 4038 5072 5776
29.06 24.70 19.72 17.31
2.15 2.10
000•
CJ 2.08
-92-
TABLE 8 (Contd.)
(h) Reheating the specimen 
Temp.(°K) 167.0 174.5 178.1 183.8 189.5 194.5
X 106 3441 3375 3329 3713 7256 7256
7)^ x 10-1 29.06 29.64 30.04 26.93 13.78 13.78
^eff.(B •“ •) 2 -15 2,17 2.19 2.96 3.33 3.37
Molecular Weight 351.3 Diamagnetic Correction 159.7 x 10 ^c.g.s.u*
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Of the compounds which obeyed the Curie-Weiss law, the 
ideal case was represented by the 5-methyl compound which had a 
moment corresponding to three unpaired electrons ( -  
3.98 B.M. at 297.8°K) and no interaction (© = 0°K). The decrease
of ore in the number of unpaired electrons compared with thei-
Schifffs base iron complex is best explained by considering one 
unpaired electron of the Schiff*s base chelate to be paired 
with the odd electron of the nitric oxide. The position of 
the electron pair just formed determines whether the compounds 
contain N0+ or NO • This information cannot be determined 
from bulk susceptibility measurements, but the magnetic data 
are compatible with the formulation of iron as iron(lll) or 
mron(I) and hence the nitric oxide as NO or NO •
The Curie-Weiss law was also obeyed by the 5-chloro- 
(© = 17°K), 5-nitro (0 = 68°K), 4-chloro(© = 34°K) and
3-nitro (© = 15°K) substituted compounds. All the compounds, 
as shown in Table 4,have magnetic moments corresponding to three 
unpaired electrons at room temperature although some values fell 
below the spin-only value as expected from the values of ©.
The 5-uitro-substituted compound had a large © and a magnetic 
moment of 3*08 B.M, at room temperature. Some form of inter­
action occurred to lower the moment but the high value of the 
N - 0 stretching frequency (1792 cm showed that this did not
occur through a bridging nitrosyl group. The moment could be 
lowered by the presence of some of the spin-paired nitrosyl and 
evidence will be given of such in the next section. However, 
the existence of a spin-paired, spin-free equilibrium, although 
it would cause a lov/ering of the moment, was excluded as the 
main factor due to the linearity of the plot of again st
temperature.
The unsubstituted nitrosyl showed a complicated variation
of magnetic susceptibility with temperature. The curve had a
discontinuity at 178°K where the iron changed from a spin-free
to a spin-paired state, as shown in Fig.l6, with a magnetic
moment at the lower temperatures corresponding to one unpaired
electron (|i = 2.08 B.M. at 93*5°K). When the specimen was
0 X X •
heated, the discontinuity occurred at a slightly higher tempera­
ture (l85°K). Apart from this, the curve obtained on cooling 
was repeated on heating the sample. Therefore in the region 
of the discontinuity, one or other state could exist in a 
metastable equilibrium with respect to the other.
A possible explanation for the sudden break was that a 
change in the crystal lattice occurred at 180°K, which increased 
the ligand field splitting and caused the electrons to spin- 
pair. A check on this would be given by a comparison of 
powder photographs for the nitrosyl at room temperature and
-98-
liquid air temperatures* If no phase change occurred then the 
two photographs would he the same. Unfortunately it has not 
been possible to obtain powder photographs at liquid air 
temperature s.
Other explanations involve the formation of bridging 
nitrosyl groups or a change in orientation as shown below :-
0
ii!
(1 ) (2 )'
Only one other case of a sharp transition, that of
[iron(ll)(l,10-phenanthrolin^2^2 ^  = an<^  SeCN), [107],
has been observed. In these compounds SON or SeCN bridges 
were postulated to give a dimeric structure. If bridging 
nitrosyl groups occur in the compound being studied then the 
N - 0 stretching frequency would be expected to fall to the 
range expected for a bridging nitrosyl group ( jwj 1500 cm [6o] 
below 175°K.
A fall in frequency would also be expected if a change 
in orientation was responsible since bonding of type (2), which 
is known to exist for nitrosyl bis(NN!-dimethyldithiocarbamato) 
cobalt [50], removes electrons from the N - 0 bond to co-ordinate
-99-
onto the metal, It has been found that the N ~ 0 stretching 
frequency is lower for bent M — N — 0 bonds than fo^ collinear 
M - N - 0 bonds [53]-
Magnetic measurements in solution gave moments of 
3.90 B.M, in dimethylformamide and 4*20 B.M. in pyridine. The 
strongest solution that could be used was ca. 0.01M giving an 
experimental error of approximately - 2.5$>« The absolute 
values quoted must therefore be treated carefully but they do 
show that in solution the complex is still spin-free.
(iii) Infra-red Measurements at Liquid Air Temperatures
In view of the anomalous magnetic data obtained for the 
unsubstituted iron nitrosyl, the infra-red spectra of all the 
iron nitrosyls were studied at liquid air temperatures ( ™  80°K), 
to see if any changes occurred. At low temperatures, the 
bands were generally sharper and slightly more intense, but 
apart from this effect, the spectra of the 5-methyl, 5-chloro,
4—chloro and 3—nitro-substituted nitrosyls were unaltered, as 
shown in Pig.17, This would be expected since these compounds 
were magnetically normal and all obeyed the Curie-Weiss law,
For the unsubstituted nitrosyl, it can be seen from 
Fig.18 that the peak attributed to the N - 0 stretching fre­
quency disappeared at liquid air temperature, but returned when
(D  Nftrosyl 5-Methylsalen Fz (2) Nitrosyl 5’ChiorosaIen Fz
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the sample was reheated to room temperature. Studies in a
hexachlorobutadiene mull (Pig.19) showed the spectrum to be un—
—1changed in the 1500 cm region suggesting that the nitric
oxide did not become bridging. Apart from the disappearance
—1of the peak at 1712 cm no other change was observed in the
range 650 - 4000 cm"\ and it is possible that the band moved to
—1approximately 1600 cm where a strong ligand absorption would 
mask any new peaks. This could be due to a change in orienta­
tion, or to a change in the crystal lattice which causes 
spin-pairing. Metal—nitrogen tt bonding would be expected to be 
greater in spin-paired compounds giving a lower N — 0 stretching 
frequency.
In order to detect any change in the metal-nitrogen 
stretching frequency, spectra were run down to 400 cm No
conclusive evidence was obtained although a very weak band 
appeared at 500 cm"\ A decrease in the N — 0 stretching fre­
quency would mean an increase in the metal-nitrogen stretching
frequency, and it is possible that at room temperature this
-1occurs below 400 cm ,
The 5-nitro substituted nitrosyl, as shown in Pig.20, 
gave a peak at 1725 cm  ^ at low temperatures, which occurred as 
a shoulder at room temperature. This new peak could be 
assigned to the N - 0 stretching frequency in the spin-paired
-105-
compound. The new peak disappeared when the sample was re­
heated to room temperature. The absorption at 1792 cm  ^ showed 
no loss of intensity on cooling; however, the decrease expected 
could be small enough to be more than offset by the increased
intensities obtained at liquid air temperatures. The peak at
—1 —1
1792 cm did move by about 15 cm to a longer wavelength.
This suggested a slight weakning of the metal-nitrogen bond in 
the spin—free state as the temperature was lowered. The weak­
ness of the peak due to the spin-paired compound at room 
temperature would suggest that very little of this form was 
present. The low magnetic moment (3.08 B.M.) at room tempera­
ture was therefore probably mainly due to some form of inter­
action and not to the presence of much spin-paired complex.
(iv) Visible and Ultra-Violet Spectra
Preliminary studies on the cobalt complexes and nitrosyls 
[86] containing quadridentate Schiff*s bases suggested that 
charge transfer from the metal to the co-ordinated nitric oxide
was responsible for an intense absorption near 300 mp, in the
Id
nitrosyls. This was assigned to a e(7r )  ^ e ( r r ) transition
on G-ray*s molecular orbital scheme for compounds of this type 
[52] in which one group, e.g. nitric oxide, dominates the ligand 
field. Further assignments were impossible because of intense 
ligand absorptions.
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Spectra of the corresponding iron compounds have been 
recorded and examples are given in Figs.21-23* The spectra 
are similar to those of the cohalt compounds: again the
nitrosyl spectra show additional intense hands in the 300 m 
region, hut the intense ligand absorptions preclude any further 
assignments.
The spectra are so complicated that these compounds are 
unlikely to he useful in deciding whether Gray!s first molecular 
orbital scheme [52], or one of its recent modifications [53*54*], 
is more appropriate for this type of compound. Substituent 
effects seem to he swamped by ligand absorptions.
Crawford [108] has recorded the visible and ultra-violet 
spectra of, amongst others, cobalt and iron salens. However, 
the iron compounds were prepared in air and reported to be 
orange—red,' In the present work iron(ll) salen has been found
to be dark brown, and the oxo-bridged ferric compound orange-red, 
so that Crawfordfs measurements must have been carried out on 
the ferric compound. Analyses will not readily distinguish 
between these compounds.
(v) Conductivity Measurements
The measurements carried out under nitrogen showed all 
the nitrosyls studied to be non-conducting in nitrobenzene 
(Table 6), The effect of oxidation was not studied.
-110-
(6) Manganese(II) Compounds
Work on manganese has "been restricted to salen mangan— 
ese(ll)and its reaction with nitric oxide.
Magnetic Properties of Salen Manganese(ill
The magnetic properties of salen manganese(II) are given 
in Table 9 and Pig.24* Asmussen and Soling [25] have shown that 
an inflexion occurred at approximately 120°K in the versus
absolute temperature curve which was attributed to a phase 
change. As can be seen from Fig.J©, this was not confirmed 
but the Curie-Weiss law was not obeyed. By extrapolation 
from the upper linear part of the curve a large value of © was 
obtained (© = 75°K), indicating a large amount of interaction 
causing the moment to be lowered from the spin-only value 
(5.9 B.M.) to 5.24 B ,M, at room temperature. The magnetic mo­
ment in dimethylformamide was 6.2 B.M. This increase back to 
the spin—only value suggests that the interaction was inter- 
and not intramolecular* The compound is probably a high-spin 
planar manganese(II) complex with interaction between adjacent 
manganese ions which in solution becomes octahedral with 
solvent molecules occupying the fifth and sixth co-ordination 
positions.
-111-
TABLE 9
Magnetic Susce-ptibility Measurements on Manganese 
Schifffs Base Complexes
(i) Salen Manganese(II)
Temp.(°K) 302.0 281.0 265.5 235.0 203.0 I69.O
Xi x 1061 . 11290 11940 12500 13730 15240 17410X x 10-1 8.86 8,38 8.00 7.28 6.56 5.75
Li (B.M. ) 5.24 5.20 5.17 5.10 4.99 4.87
Temp.(°l) 123.5 117.5 l l l . o 107.5 101.5 94.5
Xx 106 20660 21070 21560 21920 22560 22960
% * 10-1 4 .84 4.75 4.64 4.56 4,49 4.35
) 4.60 4.48 4.39 4.36 4.27 4.18
Molecular Weight 321.3 :Diamagnetic Correction 156.8
5.08 4.91
4.68 4.57
- 6
(ii) Salen Manganese(ill) Acetate
Temp•(°K) 300.8 267.O 240.5 206.0 161.3 121.7 85.0
J Q  x 106 8995 10042 11090 13040 16210 20820 2791
. x 10"1 11.12 9.96 9.02 7.67 6.17 4.80 3.58L
^eff.(B *M ') 4,68 4,65 4,64 4,65 4* 59 4.53 4.37
-6
Molecular Weight 380.3 Diamagnetic Correction 184.3 x 10 c.g.s.u
© = 22°K.
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(7) Reaction Of Salen Manganese(II) with Nitric Oxide
As reported earlier (Section II, p. 53) the analysis 
of the product of the reaction between manganese acetate, salen 
and nitric oxide suggested that oxidation had occurred to give 
salen manganese(ill) acetate. Identification of the anti­
symmetric and symmetric carboxyl vibrations in the infra-red 
spectrum was difficult due to the large number of bands already 
present. However, absorptions of greater intensity than in 
salen- manganese (II) were present at 1550 cm  ^ and 1300 cm**'*’ 
which could tentatively be assigned to the antisymmetric and 
symmetric carboxyl group vibrations respectively [109]> although 
the symmetric vibration is slightly lower than is normal.
(i) Magnetic Properties of the Nitric Oxide Reaction Product 
Manganese(ill) would have a 3d^ outer electronic con­
figuration allowing four or two unpaired electrons as with 
chromium(ll) compounds*
The magnetic properties are given in Table 9 and Pig.25. 
The Curie-Weiss law was obeyed (8 = 22°K) with a magnetic moment 
at room temperature corresponding to four unpaired electrons 
(l^eff = 4.68 B.M,)* The value of 8 suggested some interaction 
but the value of the moment agreed with the compound being a 
manganese(lll) chelate.
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(ii) Conductivity Measurements
Salen manganese(ll) was non-conducting in nitrobenzene.
The acetate was insoluble in nitrobenzene but gave molar con—
—2 —1 — 3ductances of 25.7 and 60.0 mhos.cm mole in 10 M solutions
of absolute ethanol and water respectively at 25°C. For a
1 : 1 electrolyte,values in the range 35-4-5 in ethanol and
-2 -1100-120 mhos.cm mole in water are expected.
The lowness of the value obtained could be due to in­
complete dissociation or because of the large size of the 
[Salen Mn (n)]+ ion which would be expected, to have a low mobil­
ity. However, the conductance measurements showed that some 
dissociation occurred in solution.
(iii) Visible and Ultra-Violet Spectra
As with all the previous spectra, the ligand absorptions 
dominated both the spectra of the Schiff*s base complex and the 
acetate as shown in Fig.26. The only difference was in the 
absolute value of the molar extinction coefficient but the 
spectra offered no assistance in determining the sterochemistry 
of the manganese ion.
(8) Chromium(ll) Compounds 
I
Preliminary work only has been carried out on chromium(ll) 
Schiff!s base complexes. The mixing of chromous acetate and
45
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the Schiff*s base in dimethylformamide gave a dark-red solution 
from which a light-brown product crystallised. Analysis 
figures and the infra-red spectrum showed the presence of water 
even after drying at elevated temperatures* The product was 
stable in air with a magnetic moment of 3*4-6 B,M, at room 
temperature, calculated from the chromium content obtained in
the analysis, and obeyed the Curie-Weiss law (0 = 4-0°K). This
suggested that the product could have contained spin-paired 
chromium(ll) or that oxidation had occurred to give a chromium(lI3) 
complex. It was not investigated further.
The reaction with nitric oxide was carried out by mixing 
chromium acetate and salen under nitric oxide. The uptake 
was the same as that obtained for the analogous reaction with 
manganese(II) acetate which suggested that the product probably 
contained chromium(lll). The analysis figures suggested that 
the product was not salen chromium(lll) acetate and the infra­
red spectrum showed no N — 0 stretching frequency but indicated
the presence of water* The product was obtained in very low
yields and was not investigated further.
■118 -
(9) Conclusions
(i) Cobalt
Cobalt(ll) complexes of the quadridentate ligands were 
shown in general to obey the Curie-Weiss law and have one un­
paired electron. Exceptions were the 3-uitro-, and the 
3,5-d.initro-sub stituted compounds for which a spin-free spin- 
paired equilibrium was postulated.
The water molecule in the monohydrates studied, drasti­
cally modified their magnetic properties. The 3-methoxy-hydrate 
was spin-free and obeyed the Curie-Weiss law, whereas the 
3-ethoxy—hydrate behaved in a fashion compatible with a spin-free, 
spin-paired equilibrium. It is suggested that the water is 
co-ordinated so that the compounds are five-co-ordinate.
Two compounds of bidentate ligands were prepared. The
first, bis(N-phenylsalicylaldiminato) cobalt(ll) was shown to
be spin-free obeying the Curie-Weiss law with a magnetic moment 
in the range expected for tetrahedrally co-ordinated cobalt(ll). 
The second, bis(N-methylsalicylaldiminato) cobalt(ll), was 
shown to be spin-free, and to obey the Curie-Weiss law with 
0 = 33°K. This was consistent with a tetrahedral configuration 
or possibly the proposed five-co-ordinate structure which this 
compound is said to adopt. The magnetic properties of 
cobalt(ll) when five co-ordinate are not well known.
-119-
All the Schiff*s base complexes absorbed one mole of 
nitric oxide per mole of complex to give mononitrosyls which 
were non-conducting in nitrobenzene and exhibited T.I.P.
(ii) Iron
The iron(ll) Schifffs base complexes were all spin-free 
and obeyed the Curie-Weiss law with magnetic moments corres­
ponding to four unpaired electrons. They were non-conducting 
in nitrobenzene and reacted with one mole of nitric oxide per 
mole of iron complex. The mononitrosyls have been isolated 
for the quadridentate ligands. The nitrosyls were all spin-free 
at room temperature with moments corresponding to three unpaired 
electrons. All the nitrosyls were non-conducting in nitro­
benzene and the 5-methyl, 5-chloro, 5-nitro, 4-chloro and 
3-nitro substituted nitrosyls all obeyed the Curie-YTeiss law.
The unsubstituted nitrosyl changed sharply from a spin-free to 
a spin-paired state at a temperature of 180°K with a corres­
ponding decrease in the N - 0 stretching frequency from
—1 —11712 cm to probably around 1600 cm • Various reasons for
this phenomenon have been discussed. Low temperature infra-red 
studies also showed that the 5—nitro substituted nitrosyl 
probably formed some of the spin-paired complex at liquid air 
temperatures.
-120-
Visible and ultra-violet spectra were in general incon­
clusive although a possible transition was postulated using the 
molecular orbital scheme of Gray et al. [52]. Unambiguous 
assignments were not possible due to the strong ligand absorp­
tions in the ultra-violet region.
(iii) Mangane se
Salen Manganese(II) was spin—free with the magnetic mo­
ment lowered due to interaction* This interaction did not 
persist in dimethylformamide suggesting it was inter- and not 
intramolecular. The Curie-Weiss law was not obeyed and the 
complex was non-conducting in nitrobenzene.
The reaction with nitric oxide gave an oxidised material 
salen manganese(ill) acetate which was spin-free and obeyed 
the Curie-Weiss law. Conductance measurements suggested that 
the complex was probably partly dissociated in solutions of 
ethanol and water. The visible and ultra-violet spectra of 
both compounds were dominated by the ligand absorptions and 
no conclusions were drawn.,
(iv) General Conclusions
The chelates studied have shown a decreasing tendency 
to form mononitrosyls on passing along the series from cobalt(ll) 
to chromium(ll) and an increasing tendency to give oxidised
-121-
products. Cobalt(ll) formed mononitrosyls under ali the 
conditions studied whereas iron(ll) only gave nitrosyls under 
certain conditions, and oxidised products otherwise.
Manganese(II), and probably chromium(lI), only gave oxidised 
products.
With bidentate ligands, the complexes obtained with 
cobalt and iron were all spin—free. With quadridentate ligands,
the anhydrous chelates were spin-paired for cobalt and spin- 
free for iron and manganese. This same trend was observed for 
the nitrosyls, where cobalt was again spin-paired and iron 
was spin—free.
The nitrosyls have been considered to contain NO co­
ordinated to a metal of oxidation state of +3* This has been 
based on the magnetic and infra-red results, and on the 
chemical considerations that nitric oxide appears to act as 
an oxidising agent, and the nitrosyls are stable to air.
-122-
(10) Suggestions for Further Work
(1) Aliphatic Schiff’s bases, e.g. NN’-ethylenebis(acetyl- 
acetonimine), have less intense ligand absorptions in the visible 
and ultra-violet regions so that a study of the spectra of their 
metal complexes and nitrosyls could lead to assignments of the 
absorption bands.
(2) An investigation of the role of the solvent in the nitric 
oxide oxidations and characterisation of the products could lead 
to a greater understanding of these reactions.
(3) A detailed study of the magnetic properties of cobalt(ll) 
Schiff’s base chelates of potentially pentadentate ligands ob­
tained from substituted salicylaldehydes and y,y’-diaminodipropyl- 
amine, Calvin’s Type II compounds [3], may produce experimental 
criteria for distinguishing between four co-ordinate planar and 
five co-ordinate cobalt(ll) compounds.
(4) An extension of (3) to include iron(ll), manganese(II) 
and chromium(ll) compounds and an investigation of the nature 
of the products obtained from their reaction with nitric oxide 
so as to discover the behaviour of the metal ions in unusual 
stereochemical environments.
(5) An intensive study of the properties of manganese(ll) 
with substituted salens to see whether a series of high-spin,
-123-
planar manganese complexes can be obtained.
(6) Novel chromium(ll) and/or chromium(lII) compounds
could be obtained by reacting chromium(ll) salts with Schiff's 
bases either under nitrogen or under nitric oxide.
-124-
S E C T I O N  IV
EXPERIMENTAL TECHNIQUES
-125-
1. PREPARATIVE METHODS
(i) Air-Sensitive Compounds
The compounds studied in this work were all ojxygen- 
sensitive in solution, and some were in the solid state. 
Therefore preparations had to he carried out under nitrogen.
The apparatus used (Fig.27) has been described previously by 
Larkworthy [110], * Oxygen-free * nitrogen was passed over
heated copper powder deposited on Kieselguhr [111], and then 
through a chromous bubbler to remove the last traces of oxygen. 
The gas was dried by a concentrated sulphuric acid bubbler, 
and a column of magnesium perchlorate. The purified nitrogen 
can then either enter the apparatus by opening tap 1 and closing 
tap 2 or be allowed to escape into the atmosphere by closing 
tap 1 and opening tap 2.
Apparatus could be attached to this line at two points. 
Either joint A, as shown, or by a flexible lead from point B. 
Vacuum could be applied at either or both A and B by varying 
the position of the three-way tap 3> which was connected to 
the pump via a liquid air trap. Air could be sucked out of the
apparatus via taps 3 and 4, then, by closing taps 2 and 4 and 
opening tap 1, nitrogen could enter the apparatus until it was 
at atmospheric pressure. Then tap 1 was closed and tap 2 was 
opened. This sweeping out process was repeated several times 
until the apparatus contained only pure nitrogen.
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In the preparations, the Schiff*s "base was first dissolved 
in a deoxygenated solvent in flask C. If an oxygen-gensitive 
metal salt, e.g. ferrous acetate, was being used then the flask C 
had a side-arm with a spherical joint D which was used to break 
a notched glass tube containing a known weight of ferrous acetate. 
The metal salt was shaken into the solution and heated, care 
being taken that suitable taps were open so that a closed system 
was not being heated. If the metal salt was oxygen-insensitive, 
e.g. cobalt acetate, then a flask containing a deoxygenated 
solution of the metal salt was attached to the main apparatus 
at E, and added slowly to the flask C. The solution in C was 
then heated as before with the appropriate taps open.
As the solution was cooled, the product crystallised 
and could be filtered off. If the solid, when dry, was oxygen- 
insensitive then the apparatus shown in Pig.28(a) was used.
The apparatus attached to the main line was inverted and the 
solid filtered off at the sinter, S, the filtrate being 
collected in the flask, R. The solid was washed with de­
oxygenated liquids, and dried by continuous pumping through A 
with tap 6 closed. If the solid was oxygen-sensitive when dry 
then the more refined apparatus, as shown in Pig.28(b) was used. 
The solution was filtered through the filter pad P via a hollow 
plunger with a glass syringe, G, which was vacuum-tight when
-129-
greased. The solution emerged from the plunger at X and 
collected around the paddle, P, which rested on the filter pad. 
The solid was washed and dried as above. The dry solid was 
broken up with the paddle which was rotated laterally and verti­
cally using the syringe. The powdered solid was shaken into 
!the pig* P and packed into the tubes which were thep. sealed 
off under vacuum. The tubes were of known weight and were 
attached to ’the pig1 with small standard joints. By weighing 
the separate pieces of the sealed—off tube after the experiment, 
the weight of solid in the tube was known. Any solid could 
be dehydrated at a higher temperature by shaking it into the 
T-piece of ’the pig1 where it was heated in a glycerol bath 
at the appropriate temperature with continuous pumping until 
dehydration was complete.
In the case of ferrous acetate, the solution was concen­
trated almost to dryness in flask C, deoxygenated acetone added 
and the flask shaken vigorously to disperse the ferrous acetate. 
The solid was then filtered off using the apparatus in Pig.28(b) 
as described above.
(ii) Preparation of Nitric Oxide Derivatives
The apparatus used for the preparation of nitrosyls is 
shown in Pig.29. Nitric oxide was generated by mixing in 
flask G aqueous solutions of ferrous sulphate (4&3 s/l) an^
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normal sulphuric acid from A and normal sodium nitrite from B,
The gas generated could be stored over 12N sodium hydroxide, D, ! 
or passed through the traps E, which were cooled with a slurry 
of solid carbon dioxide in methylated spirits, to remove i
moisture and higher oxides of nitrogen. The gas was then passed j
j .
up a column of Sodium hydroxide pellets, F, and a column of 
magnesium perchlorate G- to remove any residual traces of oxides 
of nitrogen and water respectively. By turning the three-way
tap 1, the gas burette J and the reaction vessel, which was (
\:* f,attached at H, were filled. >
If the cobalt nitrosyls were being prepared,then both 
the solutions of cobalt acetate and the Schiff*s base were 
equilibrated with nitric oxide, with the three-way tap in the 
position shown. The solutions were then mixed and the absorp­
tion of nitric oxide measured using the gas burette. Since 
neither the cobalt acetate nor the Schiff*s base reacted with 
nitric oxide, this method gave accurate values for the gas 
absorption, particularly with dimethylformamide as the solvent 
since no correction had to be made for the vapour pressure.
As mentioned earlier (Section II, p. 45) the iron 
nitrosyls had to be prepared by initially preparing the Schiff’s 
base complex. This was done using the apparatus described 
for Fig,27j and the complex was obtained as a suspension in
-132-
96% ethanol. The reaction vessel was transferred to the 
nitric oxide line at H and the whole apparatus evacuated. The 
gas burette was first filled with nitric oxide, followed by 
the reaction vessel. The three—'way tap was turned to the posi­
tion shown and the gas uptake was measured. Since some gas 
must have been absorbed while the flask was being filled, the 
observed gas absorption was always slightly less than the 
theoretical value expected for a mononitrosyl. A correction 
for the vapour pressure of the ethanol was made.
The products usually separated from solution after the 
gas absorption had ceased. The nitric oxide was replaced with 
nitrogen and the reaction vessel was transferred to the line 
shown in Fig.27, and the product was filtered off and washed 
using the technique previously described (Fig. 28(a)) for 
air— stable compounds.
2. ANALYTICAL METHODS
(i) Cobalt
The complex (0.1 g.) was destroyed by evaporating to 
dryness with concentrated sulphuric acid (5*0 mis.),concentrated 
nitric acid (3*0 mis.) and concentrated perchloric acid (0.5 mis.) 
The residue was re-dissolved in water, usually the solution had 
to be warmed for complete dissolution. A two or three-fold
excess of a standard solution of the disodium salt of E.D.T.A. 
was added, and the solution was heated to 70°C. The pH was 
adjusted to 10 with ammonia, eriochrome black T added as the 
indicator, and the excess E.D.T.A. back titrated with standard 
zinc sulphate.
It was necessary to evaporate to dryness when destroying 
the complex since any strong acid that was present marred the 
end-point and good end-points were obtained only in solutions of 
low ionic strength. The method was accurate to within i 1%,
All determinations were carried out in duplicate.
(ii) Iron
Most iron analyses were carried out by ignition of the 
complex to Fe^O^. The method was usually accurate to within 
1—2;$. However, the compounds studied were usually of high 
molecular weight ( 400) compared to the oxide; therefore,
approximately 0.3 - 0.4 g . of the complex had to be used for each 
determination for this accuracy. This quantity of material 
was not always available for analysis and also, some of the com­
pounds decomposed explosively when ignited. Therefore, in 
certain cases, the iron was estimated gravimetrically as the 
oxinate.
The chelate (0.1 g.) was destroyed as for cobalt with 
strong acids and the residue was re—dissolved in water. A small
-134-
excess of oxine was added and the pH of the solution was ad­
justed to 3*5 — 4 with ammonium acetate, the oxinate being pre­
cipitated as a "black solid. The reaction mixture was digested 
for 20 minutes to coagulate the precipitate, cooled, and the 
oxinate was filtered off in sintered glass crucibles. The 
precipitate was washed with very dilute acetic acid and water, 
and the crucibles dried to constant weight at 110°C.
The filtrate was a pale yellow indicating that a slight 
excess of oxine was used. The method was accurate to within 
- i%.
Ignition of the chelates to manganese dioxide did not 
give consistent results. In view of this, manganese was esti­
mated volumetrically with E.D.T.A. [86], The complex (0.1 g.) 
was destroyed as before. After the residue had been re­
dissolved in water, Rochelle*s salt ( 'V 0.1 g.) was added to 
prevent the precipitation of manganese(ll) hydroxide, and also 
a small amount of ascorbic acid to prevent any oxidation of the 
manganese(ll) E.D.T.A. complex. A two or three-fold excess 
of standard E.D.T.A, (disodium salt) was added, and the solution 
heated to 70°C. The pH was adjusted to 10 with ammonia, and the 
excess E.D.T.A, was titrated against standard 2inc sulphate 
using eriochrome black T as the indicator. The method was
-135-
accurate to within — 1%,
( iv) Chromium
Chromium was estimated gravimetrically "by direct igni­
tion of the complex to the oxide CrgO^i The method was 
accurate to within 1-2%.
(v) Carbon. Hydrogen and Nitrogen
Microanalyses for these elements were carried out at 
the Microanalytical Laboratories of the Max Planck Institute, 
Mulheim, Germany by Dr, Alfred Bernhardt, except for the iron 
nitrosyls which were analysed at the Microanalytical Labora­
tories, Imperial College, South Kensington, London, S.W.7#
3. MAGNETIC MEASUREMENTS
(i ) Solid State Measurements
The magnetic susceptibilities of the solids were measured 
by the *Gouy1 method usually over a temperature range of 90° - 
300°K; in some cases the range was increased to 400OK,
The construction of the balance has been previously 
described by Earnshaw [112],the temperature being controlled 
by means of a cryostat of the type described by Figgis and 
Nyholm [113]# All the measurements were carried out under 
nitrogen, which has negligible susceptibility, and the gram
susceptibility, , was
where w = difference in weight in and out of the field
g = acceleration due to gravity
1 = length of specimen
W = weight of specimen
H = field strength.
A diamagnetic correction for the tube containing the
specimen had to be made to ’w 1 before it could be substituted
perspex tubes vary with temperature, each tube had to be cali­
brated over the temperature range studied.
The gram susceptibility was multiplied by the molecular
weight, and a correction applied for the diamagnetism of the 
ligands using Pascal’s constants to give the molar susceptibility
where T = temperature in degrees Kelvin.
(ii) Magnetic Measurements in Solution
Since the complexes were oxygen-sensitive in solution,
in the above formula. Since the diamagnetism of glass and
moment, , was then calculated using thee 11 .
formula
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sealed susceptibility tubes were necessary. The solubility 
of the compound was discovered roughly in air. The required
amount of the solid was weighed into the weighed tube,N, and a
volume of the solvent, just sufficient to fill the susceptibili­
ty tube (approximately 10 — 15 mis.) to a given mark, was 
placed in C, (Fig.30). The whole apparatus was attached to 
the main apparatus at A and the system was flushed several times 
with nitrogen to ensure the solvent was deoxygenated. The 
solvent was then mixed with the solid in the tube N. The 
apparatus was put under a slightly reduced pressure, the solution 
in the susceptibility tube was cooled in ice and the tube was
sealed off at MM1. The separate pieces were cleaned and weighed
so that the weight of the solvent was known. The tube and 
contents were shaken until dissolution was complete* The tube 
was then placed between the poles of the electromagnet such that 
the bottom of the tube was in the maximum field. The suspension 
and tube were completely surrounded by a glass draught shield.
The decrease in weight of the tube in the field was 
measured. The decrease was due to the large diamagnetic contri­
bution from the solvent. The tube was then cleaned thoroughly, 
filled to the same depth as before and the decrease in weight 
in the field for the pure solvent was found. From these two 
values, knowing the concentration of the original solution and
-139-
the weights of solution and pure solvent, the magnetic suscepti­
bility of the solute was given by
V" = ^ s o l u t i o n  -^solvent ^-^compound .... .......——  ----— ..... — — -
P
weight of compoundwhere p = ; 1 g— — v --* weight of solution
The errors increased markedly with decreasing concentra­
tion of the solution. In this work, solutions stronger than 
-210 M could not be obtained, and for these solutions, typical 
errors are shown below : —
Strength of 1 unpaired 2 unpaired 3 unpaired 4 unpd. 5 unpd. 
solution electron electron electron electron election
10~2M ± 20% £ 7% £ 2.5$ £ 2fo - 1 . 6 %
In view of these errors, solution measurements were only 
carried out on compounds containing more than two unpaired 
electrons.
4. INFRA-RED MEASUREMENTS
Owing to solubility and oxidation difficulties, solution 
measurements were impossible.
(i) Room Temperature
Infra-red spectra of nujol mulls of the compounds have
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been recorded. For qualitative spectra, a Unicam S.P.200 
spectrophotometer was used, but all spectra have also been re­
corded with either a G-rubb Parsons grating spectrophotometer 
type G-S 2A or a Perkin Elmer Model 337*
(ii) Low Temperature
Low temperature spectra were recorded using a variable 
temperature unit VLT-1, made by Research and Industrial Instru­
ments Co., which was used at liquid nitrogen temperature but 
can be used at any desired temperature between —130°C and +150°C* 
The unit (Fig.31) consists of a T— shaped pyrex tube with 
a cell holder which fits into this tube. Each end of the T- 
piece contains potassium bromide windows which can be heated to 
prevent condensation. The cell holder contains a heater which 
can be used to maintain a steady temperature, or to return the 
cell to room temperature quickly.
The cell has two silver chloride plates and can be used 
for mulls, as in this case, or solutions. The plates are placed 
in a metal holder using polythene spacers to prevent any direct 
contact between the silver chloride plates and the metal holder. 
This comprises the cell unit which is held in the cell holder 
by means of a clip.
The dewar flask (Fig#31) was filled with liquid nitrogen. 
The cell was evacuated throughout the experiment and a small
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current was passed through the window heaters to prevent con­
densation. The cell was left for thirty minutes to cool down 
after mounting in the spectrophotometer, and the spectrum 
recorded.
5. VISIBLE AND ULTRA-VIOLET SPECTRA
The spectra have "been recorded over the range 8fj0-200m{i 
using two millimetre matched silica cells on a Unicam S.P.800 
recording spectrophotometer. The samples were maintained at 
25°C hy a constant temperature housing.
All the solutions were prepared under nitrogen using the 
apparatus shown in Fig,32 which could he attached to the main 
line (Fig.27) via the flexible lead at B. The comppund was 
weighed into the blunt end of the spherical joint, X, and the 
apparatus, without the cell,was weighed. A suitable volume 
of solvent was placed in the flask, Y, deoxygenated, and the 
flask was weighed again. The solvent was cooled while the cell 
of known weight was attached and the apparatus flushed with 
nitrogen. The solid was dissolved in the solvent, and the cell 
was put under a slightly reduced pressure so that it could be 
filled easier. The cell was filled, detached from the apparatus 
at Z, and placed in the spectrophotometer. The flask was 
cleaned, so that fresh solvent could be added and deoxygenated
-143 —
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for dilution of the solution in the cell, if necessary.
The solvent used was S&fo ethanol, and the concentrations
-4 -5were between 10 and 10 M,
6, CONDUCTANCE MEASUREMENTS
The conductivities were measured under nitrogen using 
a Philips conductivity bridge type &M 4249. The construction 
of the cell is shown in Fig,33. The cell constant was deter­
mined using 0.001N potassium chloride. The resistance of the 
deoxygenated solvent was determined and then mixed with the 
solid which had been weighed into the blunt end of the spherical
joint X, by shaking the solvent through the tap 1, When
-3dissolution was complete, approximately 10 M solutions were 
used, the solution was shaken back into the cell and its con­
ductivity was measured. The cell was attached to the main 
apparatus via the flexible lead at B. All the readings were 
taken at 23°C in a thermostat.
For conductance and ultra-violet and visible spectral 
measurements, if the solid was oxygen sensitive, a sealed glass 
tube of the compound was notched in several places, broken using 
the spherical joint and the solid was dissolved in the de­
oxygenated solvent. The weight of the specimen in the tube 
was found as described earlier, but this was checked by weighing
—  145
F ig u re  3 ^
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the notched tuhe before the experiment, and the separate 
parts after,,
7* - PURIFICATION OF REAGENTS
(i) DimethyIformamide
The method previously described by Hewlett [86] was used. 
Dimethylformamide (3 litres) was dried over barium oxide, 
filtered, and distilled under reduced pressure, using a nitrogen 
^ l e e d 1. The middle fraction (b.p. 54°C, pressure 1.5 cms Hg) 
was retained, the first and last fractions being rejected.
The purified dimethylformamide was stored under nitrogen.
(ii) Nitrobenzene
AnalaR nitrobenzene was kept over calcium chloride and 
filtered immediately before use.
- 1 V 7 -
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Some Spin-Free Iron Nitrosyls
B y  A. E a r n s h a w , E . A. K i n g , and L. F. L a r k w o r t h y  .
(D epartm ent o f Chemistry, Battersea College o f Technology, London, S .J F .ll .)
T h e  presum ably planar iron(u) com plex (i) is  
spin-free,1 and obeys th e  Curie-W eiss law  (6 =  3°).2 
Like th e  corresponding cobalt(n ) com pound3 it  
form s a m ononitrosyl. The m agnetic m om ent of 
th e  n itrosyl (Figure) corresponds to  three unpaired  
electrons a t room  tem perature, b u t changes
X
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abruptly to  th a t  for one unpaired electron near 
180 ° k . Spin-free, spin-paired equilibria are fairly  
com m on, b u t w e are aware of on ly  one other  
exam ple4 of an abrupt change of th is nature. 
Prelim inary work has show n th e  on ly  marked  
change in  th e  infrared spectrum  of th e  n itrosyl on  
cooling in  liquid air to  be th e  disappearance of a 
strong absorption a t 1715 cm .-1 Compound (i) 
does not absorb in  th is region so th a t th e  absorption  
m ay be assigned to  th e  n itric oxide stretching  
vibration. On spin-pairing th is absorption is 
believed to  m ove to  near 1630 c m .-1 where an 
in tense ligand absorption occurs.
• M eta l-m eta l or superexchange interactions w ould  
be expected  to  lead to  a different tem perature  
dependence of m om ent, w ith  th e  m om ent tending
to  zero a t lower tem peratures. Several other 
effects could, singly  or collectively, cause spin- 
pairing a t low  tem peratures, e.g. contraction of the  
lattice , a change in'NO  orientation, or form ation of 
bridging NO groups. R ecent work indicates th at a 
change from  a linear to  a b ent M -N -O  grouping  
could cause spin-pairing,6 and be com patible6 w ith  
a decrease in  the nitric oxide stretching frequency.
Other spin-free m ononitrosyls obtained from  
5,5'-disubstituted derivatives of (I), show  no 
discontinu ity  in  th e  tem perature-susceptib ility  
curve, th e  Curie-W eiss law  being obeyed:
5, 5'-dim ethyl-nitrosyl, p,eff =
4-0 B.M. a t 296°k , 6 =  6°,
5, S'-dinitro-nitrosyl, jxett =
3-1 B.M. a t 294°k, 0 =  70°.
The origin of th e  large C urie-W eiss constant for the  
nitro-com pound is n ot known.
E ach nitrosyl has been prepared several tim es 
and reproducible m agnetic and spectral results 
have been obtained, although th e  m agnitude of 
th e  d iscontinuity  found for th e  nitrosyl of (I) does 
vary  from  preparation to  preparation. W hen  
m oist, (I) and its  derivatives, and all th e  nitrosyls, 
are oxygen-sensitive. In  certain solvents th e nitric 
oxide rapidly oxidises th e  iron to  th e  ferric state. 
T he nitro-substituted  n itrosyl soon loses nitric 
oxide, b u t these com pounds generally seem  to  be 
th e  on ly  reasonably stable solid spin-free nitrosyls 
so far reported. The nitric oxide adduct of bis- 
(salicylaldehydato)iron,7 and th e  brown ring  
com pounds,8 readily decom pose.
•HC=N N=CH' I I
h 2c- c h 3 (I)
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